Characterization of Perovskite Oxide/Semiconductor Heterostructures by Wu, HsinWei (Author) et al.
  
Characterization of Perovskite Oxide/Semiconductor Heterostructures 
 
by 
 
HsinWei Wu 
 
 
 
 
 
A Dissertation Presented in Partial Fulfillment  
of the Requirements for the Degree 
Doctor of Philosophy 
 
 
 
 
 
Approved December 2017 by the  
Graduate Supervisory Committee: 
 
David J. Smith, Co-Chair 
Martha R. McCartney, Co-Chair 
Terry Alford 
Mariana Bertoni 
 
 
 
 
 
ARIZONA STATE UNIVERSITY 
 
May 2018
 i 
ABSTRACT 
 
Integrated oxide/semiconductor heterostructures have attracted intense interest for 
device applications which require sharp interfaces and controlled defects. The research of 
this dissertation has focused on the characterization of perovskite oxide/oxide and 
oxide/semiconductor heterostructures, and the analysis of interfaces and defect structures, 
using scanning transmission electrom microscopy (STEM) and related techniques.  
The SrTiO3/Si system was initially studied to develop a basic understanding of the 
integration of perovskite oxides with semiconductors, and successful integration with 
abrupt interfaces was demonstrated. Defect analysis showed no misfit dislocations but 
only anti-phase boundaries (APBs) in the SrTiO3 (STO) films. Similar defects were later 
observed in other perovskite oxide heterostructures.  
Ferroelectric BaTiO3 (BTO) thin films deposited directly onto STO substrates, or 
STO buffer layers with Ge substrates, were grown by molecular beam epitaxy (MBE) in 
order to control the polarization orientation for field-effect transistors (FETs). STEM 
imaging and elemental mapping by electron energy-loss spectroscopy (EELS) showed 
structurally and chemically abrupt interfaces, and the BTO films retained the 
c-axis-oriented tetragonal structure for both BTO/STO and BTO/STO/Ge heterostructures. 
The polarization displacement in the BTO films of TiN/BTO/STO heterostructures was 
investigated. The Ti4+ atomic column displacements and lattice parameters were 
measured directly using HAADF images. A polarization gradient, which switched from 
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upwards to downwards, was observed in the BTO thin film, and evidence was found for 
positively-charged oxygen vacancies.  
Heterostructures grown on Ge substrates by atomic layer deposition (ALD) were 
characterized and compared with MBE-grown samples. A two-step process was needed to 
overcome interlayer reaction at the beginning of ALD growth. A-site-rich oxide films with 
thicknesses of at least 2-nm had to be deposited and then crystallized before initiating 
deposition of the following perovskite oxide layer in order to suppress the formation of 
amorphous oxide layers on the Ge surface. BTO/STO/Ge, BTO/Ge, SrHfTiO3/Ge and 
SrZrO3/Ge thin films with excellent crystallinity were grown using this process. 
Metal-insulator-metal (MIM) heterostructures were fabricated as ferroelectric 
capacitors and then electrically stressed to the point of breakdown to correlate structural 
changes with electrical and physical properties. BaTiO3 on Nb:STO was patterned with 
different top metal electrodes by focused-ion-beam milling, Au/Ni liftoff, and an 
isolation-defined approach.  
 
 
 
 
 
 
 
 iii 
ACKNOWLEDGMENTS 
I would like to express my deepest appreciation to my mentors Regents’ Professor 
David J. Smith and Professor Martha R. McCartney for their guidance and support sharing 
so many precious advices toward not only my degree and also my personal life. I would 
also like to thank my supervisory committee members, Professors Terry Alford and 
Mariana Bertoni for their time and suggestions.  
I would like to acknowledge the staff members as well as the use of facilities in John 
M. Cowley Center for High Resolution Electron Microscopy at Arizona State University. 
Special thanks to Mr. Karl Weiss, Dr. Zhenquan Liu, Dr. Toshihiro Aoki, and Dr. Katia 
March for their technical assistance. Most of the work in this dissertation was supported by 
AFOSR (FA 9550-14-0090).  
I appreciate collaborations with Prof. John G. Ekerdt, Prof. A. Demkov, Dr. Agham 
Posadas, Dr. Patrick Ponath, Mr. Edward L. Lin, and Mr. Shen Hu at University of Texas 
at Austin, and Prof. Chadwin Young and Mr. Jian Wang at University of Texas at Dallas.  
Sincere thanks are presented to the dearest past and present MDG research group 
members as well as all the friends as ASU who share their knowledge, expertise, and a lot 
more with me.  
Last but not least, I would like to thank to my dear family, my parents, my little 
sister, grandma, aunts, and cousins for unconditional and wholehearted support. I also 
owe special thanks to my lovely husband, Junchen Wu, and my sweet little baby girl, 
Rebecca Wu for countless reasons.  
 iv 
TABLE OF CONTENTS  
Page 
LIST OF FIGURES  ........................................................................................................ ix 
LIST OF TABLES  ....................................................................................................... ⅹviii  
CHAPTER                                                           
1. INTRODUCTION .................................................................................................. 1 
1.1 Perovskite Oxides ............................................................................................ 1 
1.2 Functional Oxides on Semiconductors ............................................................ 2 
1.3 Growth Methods .............................................................................................. 5 
1.3.1 Molecular Beam Epitaxy .......................................................................... 6 
1.3.2 Atomic Layer Deposition .......................................................................... 9 
1.4 Outline of dissertation .................................................................................... 11 
1.5 References ...................................................................................................... 13 
2. TECHNIQUES ..................................................................................................... 18 
2.1 Transmission Electron Microscopy  .............................................................. 18 
2.2 Scanning Transmission Electron Microscopy  .............................................. 20 
2.3 Electron Energy-Loss Spectroscopy (EELS) ................................................. 23 
2.4 TEM sample preparation ............................................................................... 27 
2.4.1 Conventional Mechanical Method .......................................................... 27 
 v 
CHAPTER                                                           Page 
2.4.2 Focused Ion Beam .................................................................................. 28 
2.5 References ...................................................................................................... 29 
3. CHARACTERIZATION OF STRONTIUM TITANATE/SILICONE 
HETEROSTRUCTURES ..................................................................................... 30 
3.1 Introduction .................................................................................................... 30 
3.2 Experimental Details ...................................................................................... 31 
3.3 Results and Discussion .................................................................................. 32 
3.4 Conclusions .................................................................................................... 39 
3.5 References ...................................................................................................... 41 
4. CHARACTERIZATION OF DEFECTS IN BARIUM TITANATE/ 
STRONTIUM TITANATE HETEROSTRUCTURES  ...................................... 43 
4.1 Introduction ................................................................................................... 43 
4.2 Experimental Details ..................................................................................... 45 
4.3 Results and Discussion ................................................................................. 46 
4.4 Conclusions ................................................................................................... 55 
4.5 References ..................................................................................................... 57 
5. POLARIZATION OF BARIUM TITANATE/STRONTIUM TITANATE THIN 
FILMS ................................................................................................................... 59 
 vi 
CHAPTER                                                           Page 
5.1 Introduction ................................................................................................... 59 
5.2 Experimental Details ..................................................................................... 60 
5.3 Results and Discussion ................................................................................. 61 
5.3.1 Structural Analysis ................................................................................. 61 
5.3.2 Chemical Analysis ................................................................................. 65 
5.4 Conclusions ................................................................................................... 69 
5.5 References ..................................................................................................... 70 
6. CHARACTERIZATION OF ALD-GROWN OXIDE/SEMICONDUCTOR 
HETEROSTRUCTURES  ................................................................................... 73 
6.1 Introduction ................................................................................................... 73 
6.2 ALD-grown Oxide with MBE-grown SrTiO3 Buffer Layer on Si (001) ...... 74 
6.2.1 La-doped SrTiO3 / BaTiO3 / La-doped SrTiO3 Heterostructure with 
MBE-grown SrTiO3 Buffer Layer on Si .................................................. 74 
6.2.2 SrZrO3 Thin Film with MBE-grown SrTiO3 Buffer Layer on Si .......... 76 
6.3 ALD-grown Oxides on Ge (001) .................................................................. 77 
6.3.1 BaTiO3 Heterostructures on Ge ............................................................. 78 
6.3.1.1 BaTiO3 on Ge with SrTiO3 buffer layer ......................................... 79 
6.3.1.2 BaTiO3 on Ge with BaTiO3 buffer layer ........................................ 81 
 vii 
CHAPTER                                                           Page 
6.3.2 SrZrO3 Thin Film on Ge ........................................................................ 84 
6.3.3 SrHfTiO3 Thin Film on Ge .................................................................... 86 
6.4 Conclusions ................................................................................................... 90 
6.5 References ..................................................................................................... 92 
7. FAILURE ANALYSIS OF PATTERNED FERROELECTRIC DEVICES ....... 94 
7.1 Introduction ................................................................................................... 94 
7.2 Characterization of Metal-Insulator-Metal with Focused-Ion-Beam Milled 
Electrode ............................................................................................................. 95 
7.3 Characterization of Metal-Insulator-Metal structure with Au/Ni Electrode . 98 
7.4 Characterization of Metal-Insulator-Metal with Isolation-Defined Electrode
........................................................................................................................... 103 
7.5 References  ................................................................................................. 115 
8. SUMMARY AND FUTURE WORK ................................................................ 116 
8.1 Summary ..................................................................................................... 116 
8.2 Future Work ................................................................................................ 120 
8.2.1 Polarization of Barium Titanate Thin Films ........................................ 120 
8.2.2 Failure Analysis of Patterned Ferroelectric Devices ........................... 121 
8.3 References ................................................................................................... 124 
 viii 
CHAPTER                                                           Page 
REFERENCES ................................................................................................................126   
 ix 
LIST OF FIGURES  
Figure                                                              Page 
1.1 (a) Ideal ABO3 Perovskite Structure. (b) Distorted Tetragonal Perovskite Structure 
with Polarization Along c Axis ..................................................................................2 
1.2 Schematic Cross-Section of A Typical Oxide MBE Growth Chamber .....................7 
1.3 Schematic Illustration of One ALD Cycle. The Metal and Non-metal Precursors Are 
Pulsed in Until Saturated on The Substrate Surface and Then Purged Out 
Alternatively .............................................................................................................11 
2.1 Layout of Optical Components in A Basic TEM .....................................................20 
2.2 Schematic Diagram Illustrating The Layout of The STEM .....................................22 
2.3 Typical Example of EELS Spectrum .......................................................................25 
2.4 Schematic Showing The Relation Between Electronic Structure of Crystals And 
The Energy-Loss Near-Edge Structure ....................................................................26 
2.5 ELNES Showing Different Peak Structure for: (a) O K Edge, and (b) Ti L23 Edges , 
for Different SrTiO3-x Stoichiometry ........................................................................26 
3.1 (a) LABF, and (b) HAADF, Images Showing SrTiO3/Si Interface Region. Some 
Sample Drift Occurred During the Image Exposure, Causing Loss of The Expected 
Crystal Symmetry. ....................................................................................................33 
3.2 (a) LABF image, (b) HAADF Image Half Covered with Atomic Structure Model, 
and (c) Corresponding Schematic Showing Atomic Structure of SrTiO3/Si with 
Single Si Atomic Columns at The Interface. (d) LABF Image, (e) HAADF Image 
Half Covered with Atomic Structure Model, and (f) Corresponding Schematic  
 x 
Figure                                                              Page 
Showing Atomic Structure of SrTiO3/Si with Full Si Dumbbells at The Interface. 
 ..................................................................................................................................34 
3.3  (a) Intensity Line Profile from Fig. 3.2(a); (b) Intensity Line Profile From Fig. 
3.2(d).  ......................................................................................................................35 
3.4 (a) LABF, and (b) HAADF, Images of SrTiO3/Si Showing Vertical Offsets within 
SrTiO3 Thin Film and Short Section (Arrowed) Displaying Different Crystal 
Contrast.  ..................................................................................................................36 
3.5 Enlargements of The Box in Fig. 3.4(b): (a) With Line Profile Position Pointed Out, 
and (b) Intensity Line Profile; (c) Defect Model Showing Vertical APB Offset. (d) 
Enlargement with Overlaid Atomic Structure Model. ..............................................37 
3.6 (a) Enlargements of The Short Section Arrowed in Fig. 3.4(b). Position of Line 
Profile Position Indicated. (b) Intensity Line Profile; (c) Defect Model Showing 
Planar APB Defect on (110) Plane, and (d) Simulated HAADF Image Based on 
Defect Model Shown in (c).  ....................................................................................39 
4.1 (a) HAADF Image Showing BaTiO3/SrTiO3/Ge Heterostructure, and (b) HAADF 
Image Showing BaTiO3/SrTiO3 Heterostructure. (c) and (d) Enlargements Showing 
the Dislocations Visible in (b).  ...............................................................................47 
4.2 HAADF Images From Defect-Free Region of BTO/STO/Ge Heterostructure 
Showing Ge Surface Step (Arrowed) Between 2 × and 1 × Periodicities in (a); 1 × 
Periodicity in (b); and 2 × Periodicity in (c).  ..........................................................48 
 xi 
Figure                                                              Page 
4.3 Elemental EELS Mapping for BTO/STO/Ge Heterostructure Showing Sharp 
Interface Between BTO and STO, with Surface Step (As Arrowed) and No 
Inter-Layer Diffusion................................................................................................50 
4.4  (a) LABF, and (b) HAADF, Images Showing BaTiO3/SrTiO3/Ge Heterostructure 
with Anti-Phase Boundaries and Surface Step (As Arrowed) but No Visible Misfit 
Dislocations. .............................................................................................................51 
4.5 (a) LABF, and (b) HAADF, Images Showing BaTiO3/SrTiO3 Heterostructure with 
Misfit Dislocation and Anti-Phase Boundaries. (c) HAADF Image of 
BaTiO3/SrTiO3 Misfit Dislocation with Different Distance Between Dislocation 
Core and Interface. (d) Enlargement of Dislocation Core in (c) With Proposed 
Crystal Structure. ......................................................................................................53 
4.6 Elemental EELS Mapping for BaTiO3/SrTiO3 Heterostructure with Misfit 
Dislocation, Confirming No Inter-Layer Diffusion, Together with The Proposed 
Structural Model. ......................................................................................................54 
4.7 (a) HAADF image of BTO/STO Heterostructure. Corresponding 
Electron-Energy-Loss Near-Edge Structure for (b) Ti L2,3, and (c) O K Edges, for 
STO Substrate, Dislocation, and BTO Film, as Indicated.  .....................................55 
5.1 (a) LABF, and (b) HAADF, Images Showing Overall View of TiN/BTO/Nb:STO 
Heterostructure. ........................................................................................................62 
 
 
 xii 
Figure                                                              Page 
5.2 (a) Atomically-Resolved HAADF Image for Measurement of Ti Atomic-Column 
Positions. (b) Vector Maps and Enlargements Showing Displacement of Ti Atomic 
Columns. ...................................................................................................................63 
5.3 Averaged Line Profile Showing Ti Atomic Column Displacement from Fig. 5.2...64 
5.4 (a) Map of Out-Of-Plane Ti Atomic Column Displacement Representing 
Characteristic Polarization Behavior. (b) Map of Out-Of-Plane Lattice Spacing 
Measured from Ba-to-Ba Interatomic Distance in BaTiO3 Unit Cells .....................65 
5.5  (a) HAADF Image Showing Region Analyzed by EELS; (b) EELS Line Profile 
for Ti L23 Edge Fitting; (c) EELS Mapping for Ti L23 Edge Fitting; (d) EELS Line 
Profile for O K Edge Fitting; (e) EELS Mapping for O K Fitting. (Courtesy of 
Sirong Lu)  ...............................................................................................................66 
5.6 (a) HAADF Image Showing Region Analyzed by EELS; (b) EELS Line Profile for 
Ti L23 Edge Fitting; (c) EELS Mapping for Ti L23 Edge Fitting; (d) Ti Atomic 
Column Displacement Averaged Line Profile; (e) EELS Line Profile for O K Edge 
Fitting; (f) EELS Mapping for O K Fitting. (Courtesy of Sirong Lu)  ....................67 
6.1 (a) LABF, and (b) HAADF, Images Showing 15-nm La:STO/ 15-nm BTO/ 2-nm 
La:STO/ 1.6-nm MBE STO/ p-Si .............................................................................75 
6.2 (a) LABF, and (b) HAADF, Images of La:STO/ BTO/ La:STO/ MBE STO/ p-Si 
Showing Grain Boundaries of LSTO, STO/LSTO and BTO. ..................................76 
6.3 HREM Images of ALD-Grown SZO on Si Showing: (a) Uniform Film, and (b) Good 
Crystal Quality, With An Amorphous Layer at The Interface. ................................77 
 xiii 
Figure                                                              Page 
6.4 (a) LABF, and (b) HAADF, Images of ALD-Grown BTO and ALD-Grown STO on 
Ge. Many Grain Boundaries Are Visible. ................................................................79 
6.5 (a) LABF, and (b) HAADF, Images of ALD-Grown BTO and ALD-Grown STO on 
Ge Shown at Gigher Magnification. Surface Steps As Well As APBs Are Clearly 
Visible.  ....................................................................................................................80 
6.6 (a) LABF, and (b) HAADF, Images of ALD-Grown BTO Directly Grown on Ge 
Showing Good Crustal Quality and Ge Surface Reconstruction. .............................82 
6.7 (a) LABF, and (b) HAADF, Images of ALD-Grown BTO Directly on Ge Substrate 
With Ge Surface Steps As Well As With Boundaries.  ...........................................83 
6.8 (a) LABF, and (b) HAADF, Images of ALD-Grown BTO on Ge Substrate With Ge 
Surface Steps Between 2 × And 1× Surface Reconstruction Along With Planar 
Boundaries. ...............................................................................................................84 
6.9 (a) LABF, and (b) HAADF, Images of ALD-Grown SZO on Ge Showing Sharp 
Interface With Surface Step Between 2 × And 1 × Ge Surface Reconstruction. .....85 
6.10 (a) LABF, and (b) HAADF, Images of ALD-Grown SZO on Ge Showing Surface 
Step And APB (As Arrowed) From The Interface Into The Film. ...........................86 
6.11 (a) LABF, and (b) HAADF, Images of ALD-Grown SHTO on Ge Showing Good 
Crystal Quality And Uniformity With Several Surface Steps. .................................87 
6.12 (a) LABF, and (b) HAADF, Images of ALD-Grown SHTO on Ge Showing Ge 
Surface Steps Across Several Atomic Layers. One APB Is Also Visible. ...............88 
 
 xiv 
Figure                                                              Page 
6.13 (a) LABF, and (b) HAADF, Images of ALD-Grown SHTO on Ge Showing Local 
Grain Tilting In The SHTO Film Compared With The Ge Substrate Surface.  ......89 
6.14 Elemental EELS Mapping for SHTO/Ge Heterostructure Showing Sharp Interface 
Between SHTO And Ge With No Inter-Layer Diffusion.  ......................................90 
7.1 Representative C-V Behavior for FIB-milled Pt/BTO/Nb:STO. (Courtesy of 
Professor C. Young, UT-Dallas) ..............................................................................95 
7.2 I-V Measurement: (a) Prior To, (b) After, Electrical Breakdown (Courtesy of 
Professor C. Young, UT-Dallas)  .............................................................................96 
7.3 FIB-milled Pt/BTO/STO Samples: (a) Before, and (b) After Electrical Breakdown 
Showing Change of Crystallinity of BTO Film .......................................................97 
7.4  (a) HAADF Image of Pt/BTO/STO After Electrical Breakdown Showing Tthe 
Region Analyzed. (b) EELS Spectra For The Ti L23 Edge Along Line Indicated In 
(a) Showing The Change From Four Peaks to Two Peaks Corresponding to Change 
of Ti Oxidation State From 4+ to 3+. ........................................................................98 
7.5 (a) Au/Ni Metal Lift-Off Process, (b) SEM Image Showing The Patterned 
Au/Ni/BTO/Nb:STO Sample Surface ......................................................................99 
7.6 (a) LABF, and (b) HAADF, Images Showing Excellent Crystal Quality Of 
Au/Ni/BTO/Nb:STO Heterostructure Before Electrical Breakdown. (c) LABF, and 
(d) HAADF, Images Confirming The Highly Crystalline BTO Film.  .................100 
 
 
 xv 
Figure                                                              Page 
7.7 (a) LABF, and (b) HAADF Images Showing Overall Crystal Quality of 
Au/Ni/BTO/Nb:STO Heterostructure After Electrical Breakdown. (c) LABF, and 
(d) HAADF Images Showing Polycrystalline BTO Layer.  ..................................101 
7.8 Electrical Measurements for Au/Ni/BTO/Nb:STO. (a) I-V Data Showing Hard 
Breakdown Occurring Around 3-4 V. (b) C-V Data Showing Ideal MIM Capacitor 
Behavior. (c) C-V Data After Oxygen Anneal Showing Possible Ferroelectric 
Response. (Courtesy of Professor C. Young, UT-Dallas)  ....................................102 
7.9 (a) Schematic Showing Isolation-Defined Pt Electrode/Nb:STO Structure. SEM 
Images Showing: (b) Overall Sample Pattern Morphology; (c) 120-μm Pt Electrode; 
(d) The Edge Between Pt Electrode in The Via And on The SiO2 Surface. ..........104 
7.10 (a) Schematic Showing Isolation-defined Pt Electrode/BTO/Nb:STO Structure. 
SEM Images Showing: (b) Overall Sample Pattern Morphology, (c), (d) Closer 
Views of The Edge Between The Pt Electrode in The Via And on The SiO2 Surface
 ................................................................................................................................105 
7.11 Schematic Showing The Process Flow For Improved Isolation-Defined Approach 
with Metal Lift-Off. (Courtesy of Professor C. Young, UT-Dallas). .....................106 
7.12 (a) Schematic Showing Isolation-Defined Mushroom-Structure Au/Ni 
Electrode/BTO/Nb:STO Sample. SEM Images Showing: (b) Overall Sample 
Pattern Morphology, (c) 120-μm Au/Ni Electrode, (d) Edges of Au/Ni Electrode in 
The Via and On The SiO2 Surface. ........................................................................107 
 
 xvi 
Figure                                                              Page 
7.13 Cross-sectional SEM Images Showing: (a) 120-μm Au/Ni Electrode; (b) One Side 
Of The Electrode With SiO2 Isolation; (c) Edges of Au/Ni Electrode in The Via 
And On The SiO2 Surface; (d) Edge of Au/Ni Electrode with SiO2 Isolation. ......108 
7.14 STEM Images of Mushroom-Shape Au/Ni/BTO/Nb:STO Capacitor: (a) LABF, and 
(b) HAADF Images of The Sidewall and Both The Top and Bottom Parts of The 
Capacitor. (c) LABF, and (d) HAADF Images Providing Enlarged Views of The 
Capacitor Sidewall..................................................................................................105 
7.15 (a) LABF, and (b) HAADF STEM Images Showing The Uneven Interfaces of 
SiO2/Nb:STO and SiO2/BTO As Well As Holes (Pores) in The SiO2 Film.  ........110 
7.16 (a) HAADF Image Showing The Region Analyzed by EDX. EDX Spectra of The 
Top Part of The Capacitor From: (b) SiO2 Film, (c) Hole (Pore), (d) Nb:STO 
Substrate.  ...............................................................................................................110 
7.17 (a) LABF, and (b) HAADF STEM Images Showing Residue Between Au/Ni Metal 
Layer and The Nb:STO Substrate On The Bottom of The Capacitor. ..................111 
7.18 (a) HAADF Image Showing The Region Scanned by EDX. EDX Spectra of The 
Top Part of The Capacitor From: (b) Au/Ni Film, (c) Residue, (d) Nb:STO 
Substrate.  ...............................................................................................................112 
7.19 STEM Images of 30-μm Mushroom-Shape Au/Ni/BTO/Nb:STO Capacitor, (a) 
LABF, and (b) HAADF Images Of The Bottom Part Of The Capacitor (c) LABF, 
and (d) HAADF Images Showing The Sidewall and Both The Top and Bottom  
 
 xvii 
Figure                                                              Page 
Parts of The Capacitor. (e) LABF, and (f) HAADF Images for Enlarged Views of 
The Capacitor Sidewall.  ........................................................................................114 
8.1  (a) ABF STEM Image of BTO/STO Heterostructure (b) Enlargement of (a) 
Showing Ba, Sr, Ti, and O Atomic Columns in The ABF Image (c) Corresponding 
HAADF STEM Image of BTO/STO.  ....................................................................121 
8.2 (a) LABF, and (b) HAADF, STEM Images of Patterned SiO2/Nb:STO Sample.  .122 
8.3 EDX Line Scan of Patterned SiO2/Nb:STO Sample Showing BTO Residue on Top 
of The SiO2 Thin Film.  ..........................................................................................122 
8.4 TEM Images of Patterned Pt/BTO/Nb:STO Sample: (a) Overall View of The Metal 
Cap, (b) Closer View of Where The BTO Film Starts Degrading.  ........................123 
 
  
 xviii 
LIST OF TABLES  
Table                                                               Page 
1.1 Comparison of Different Deposition Techniques for Growth of Epitaxial GaAs Thin 
Films. .............................................................................................................................8 
  
 1 
Chapter 1 
INTRODUCTION 
1.1 Perovskite oxides 
Perovskite oxides with chemical formula ABO3 are the subject of intense ongoing 
research because of their wide range of physical properties.1-4 The basic crystal structure 
for perovskite oxides is cubic with space group Pm3m, as shown in Fig. 1.1.5 The A and B 
atoms are both cations and the anions are oxygen. A atoms with 12-fold coordination are 
usually larger and located at the corners of the unit cell and the B atoms with 6-fold 
coordination are smaller and located at the cell centers. The extensive number of 
combinations of elements that can adopt this perovskite structure or different distorted 
versions is staggering: most of the natural metallic elements can be accommodated.5 The 
metal cations can be partially or fully substituted leading to vastly different or enhanced 
properties. Depending on the particular elemental combinations, precise crystal structure, 
structural distortion, lattice defects, or exposed lattice planes and surface morphology, 
these oxides exhibit a wide range of electronic properties including metal-insulator 
transitions, ferroelectricity, pyroelectricity, piezoelectricity, magnetic ordering, and 
superconductivity, with different wide-ranging applications from traditional and 
ferroelectric nonvolatile memories to optical devices. 1-4  
Integration of these functional oxides with semiconductors, especially silicon or 
germanium, is highly sought after because of the possibility of combining the 
functionalities of the perovskites with conventional logic and memory devices on a single 
 2 
platform.5-7 However, such integration is difficult to achieve since crystalline oxide growth 
requires high temperatures and high oxygen partial pressures, which are incompatible with 
semiconductor surfaces that are liable to develop amorphous oxide layers. The 
breakthrough of McKee et al.8 in using a sub-monolayer of Sr metal reacted on a Si surface 
as an initial transition layer for depositing crystalline SrTiO3 opened up a completely novel 
approach to combining perovskites with semiconductors.9-16 All of the 
oxide/semiconductor heterstructures studied in this dissertation research were grown using 
this approach. 
 
FIG. 1.1. (a) Ideal ABO3 perovskite structure. (b) Distorted tetragonal perovskite 
structure with polarization along c axis. 
1.2 Functional Oxides on Semiconductors 
Much recent effort has been devoted to the epitaxial integration of perovskite oxides 
with common semiconductors such as Si and Ge because of the tantalizing opportunity to 
utilize their wide range of physical and electronic properties in ways that are not possible 
with conventional semiconductors in device applications.17-18 Depending on different 
elemental combinations for one oxide, various epitaxial stacks of oxide heterostructures, 
 3 
and the specific substrate used for the perovskite growth, then the crystal structure, 
including local symmetry, defect type, and domain orientation, can be varied, in turn 
determining important properties, such as ferroelectricity, piezoelectricity, etc. The 
similarity in crystal structure and lattice parameters (usually with 45° rotation between 
the oxides and the semiconductor substrates) is also a great advantage and provides 
motivation for oxide/semiconductor integration. 1, 19-21 Compared to conventional oxide 
heterostructure integration which usually involves thick oxide layers, novel oxides can be 
engineered at the atomic-layer level using advanced thin-film deposition methods such as 
molecular beam epitaxy (MBE) and atomic layer deposition (ALD). These deposition 
techniques also offer the ability to fine-control oxide composition stoichiometry.5  
Most of the commonly used semiconductor substrates in industry nowadays can be 
integrated with functional oxides, including Si (001), Ge (001), GaAs (001), InP (001) 
and GaN (0001). The most important is epitaxial integration with Si since it is the most 
widely used for modern semiconductor technology. However, during deposition of 
perovskite oxides on Si, it is common to experience severe interfacial reaction or 
interdiffusion and formation of a native amorphous oxide layer, which degrade the 
epitaxial crystal quality, increase the contact resistance, and affect the electrical 
properties.10 
SrTiO3 (STO) is one of the few perovskite oxides and the most common that can be 
directly grown epitaxially on semiconductor substrates with limited interfacial reaction. 
Only ABO3 perovskites with A = Sr, Ca and B = Ti, Zr, Hf have so far been grown directly 
on Si in epitaxial form.22-24 Epitaxial SrTiO3 on Si was originally proposed as an 
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alternative gate dielectric on Si because of its very high dielectric constant, but there is a 
conduction band offset of near zero or even negative,25-27 making the combination 
unsuitable for this application.  However, since SrTiO3 is a common substrate for the 
growth of thin films of other perovskite oxides, epitaxial SrTiO3 on Si has been recently 
utilized to provide a pseudo-substrate for growing these materials. This approach meets 
the many requirements for a buffer layer such as no chemical reaction or interdiffusion 
with any semiconductor substrates or with other perovskite oxides, as well as crystal 
structure and close match of lattice parameters.28-45 
Since the development of robust processes for growing SrTiO3 on Si,9-16 the structure 
of the interface has been intensely studied, both experimentally46-52 and theoretically.53-60 
Despite considerable attention from the electron microscopy community, the atomic 
arrangements at the interface are still unsettled. For example, Mi et al.49 tried to determine 
the SrTiO3/Si(001) interface structure by combining first-principles’ calculations together 
with aberration-corrected scanning transmission electron microscopy (AC-STEM). Their 
structural model is very similar to the 1-ML Sr model originally proposed by Zhang and 
Demkov53 but with 1x1 symmetry. More recent calculations by Kolpak and 
Ismail-Beigi57 confirm the stability of this 1x1 1-ML Sr interface structure, and this 
structure (with varying amounts of oxygen depending on growth conditions) is the most 
consistent with high-resolution STEM images. 
Even though significant progress has been made in elucidating the atomic-scale 
interface structure of perovskite oxide on semiconductors, much remains unknown. For 
example, it is known that SrTiO3 on Si, which is compressively strained by 1.7%, relaxes 
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relatively more quickly versus when it is grown on other perovskite oxide substrates.61 
How does the SrTiO3 relax and what type of defects form to facilitate this strain 
relaxation? And what happens to SrTiO3 across an Si surface step whose height (1.36 Å) 
is not commensurate with the atomic-layer heights in SrTiO3? Presumably, some type of 
defect must form at that boundary to accommodate the vertical mismatch between 
perovskite oxide film and semiconductor steps. In this dissertation research, Aberration 
Corrected Scanning Transmission Electron Microscopy (AC-STEM) has been used to 
study perovskite oxide/semiconductor interfaces, and the integration of stacking 
functional oxide heterostructures in more detail, with the objective of shedding more light 
on such strain-relieving and step-height-mismatch defects occurring in thin epitaxial 
perovskite oxide layers. A better understanding of the detailed interface structure and 
defects in functional oxides on semiconductor heterostructures should then lead to 
improved processes for growing higher quality interfaces and could provide insights into 
how to directly integrate other kinds of perovskite oxides such as ferroelectric BaTiO3 on 
Si. 
1.3 Growth methods 
The growth methods used for thin-film deposition can be classified as being either 
physical or chemical reactions, and some deposition processes combine both. These 
include evaporative methods, such as vacuum evaporation, glow-discharge processes, such 
as sputtering and plasma processes, gas-phase chemical processes, such as chemical vapor 
deposition, and liquid-phase chemical techniques, such as electro processes. There are only 
a few techniques that have the ability to integrate thin-film functional oxides that are 
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composed of three of more elements. The most common techniques at present utilized for 
complex oxide film growth are molecular beam epitaxy (MBE), pulsed laser deposition 
(PLD), sputter deposition, chemical vapor deposition (CVD), and atomic layer deposition 
(ALD). All of these methods are able to control the thickness, stoichiometry, and oxidation 
conditions of a single crystalline complex oxide layer. It is very important for these growth 
methods to be able to precisely control the stoichiometry of the oxide growth environment 
since complex oxides cannot withstand having excess of one element over another without 
excess of that element also being present in the grown oxide film. 5, 62, 63 
In the research of this dissertation, the oxide thin films have been grown either by 
MBE or ALD so only these two growth techniques are described in the following.  
1.3.1 Molecular Beam Epitaxy 
Molecular beam epitaxy is a physical evaporation system for single-crystal epitaxial 
growth under ultrahigh vacuum (~10-10 torr).5, 62-65 MBE growth can give precise control of 
film thickness, uniformity, lattice match, stoichiometry, and interface at the atomic 
level.64–66 The elemental or molecular sources of the film are slowly evaporated from 
effusion cells, forming small atomic or molecular beams that are directed towards single 
crystal substrates at the desired growth temperature. The substrate surfaces need to be 
appropriately cleaned and prepared to achieve layer-by-layer epitaxial growth. The 
epitaxial film is deposited where the source beams are directed at the sample surface. The 
flux of each source beam depends on the vapor pressure, which is controlled primarily by 
the source temperature. The ultrahigh vacuum of MBE chambers helps to minimize film 
contamination during growth, but also slows down the growth rate. Fast mechanical 
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shutters between the sources and the substrate switch these molecular beams on and off, 
and control the duration of each source beam individually. Multilayer superlattices with 
different compositions, heterostructures, and thickness can be grown at the monolayer 
level by alternating the selected source beams, shutters, and temperature.5 
 
FIG. 1.2. Schematic cross-section of a typical oxide MBE growth chamber 
The typical MBE growth chamber is shown schematically in Fig. 1.2. Some of the 
main elements of an MBE chamber are effusion cells for directional source of the 
molecular beams. Each beam of the different species is formed from a separate effusion 
cell, with different cell temperature used to control the flux. A substrate manipulator is 
used for heating, translating and rotating the sample, and the heated single-crystal substrate 
is located near the center of the MBE growth chamber. Shutters are used to switch the 
molecular beams on and off. These shutters only cut off the path of molecular beams from 
the source to the substrate instead of tightly covering the effusion cells because of the long 
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mean-free-path in the MBE chamber. In situ characterization tools such as 
reflection-high-energy electron diffraction (RHEED) are used to monitor film surface 
structure, including film crystallinity, thickness, surface roughness, as well as lattice 
spacing. These tools help to monitor the reactions and growth conditions in real time so 
that the growth parameters can be adjusted for optimized crystal quality. 5, 62 
A magor advantage of MBE is its ability to precisely control the growth process and 
the stoichiometry of epitaxial films. Because MBE is able to control the growth atomic 
layer by atomic layer, the surface termination of the film can also be specified. Another 
advantage is that the temperature requirement for MBE epitaxy is relatively low, as shown 
in table 1.1. This table compares several epitaxial deposition techniques, with GaAs as the 
example, and shows relatively lower growth temperature with better control for MBE. The 
lower temperature kinetically minimizes bulk re-ordering and helps to better control some 
metastable multilayer heterostructures. However, limitations of MBE include slow growth 
rate, complicated operation, and relatively high cost.62 
 
 9 
Table 1.1. Comparison of different deposition techniques for growth of epitaxial 
GaAs thin films.62 
1.3.2 Atomic Layer Deposition 
Atomic-layer deposition (ALD) is a type of gas-phase chemical deposition process 
using a series of alternating self-limiting surface reactions at the substrate.63  Different 
precursor chemicals, depending on the target composition of the deposited film, such as a 
metal precursor and a non-metal precursor for metal oxide growth, are carried by an inert 
gas, usually nitrogen, to the substrate surface, forming a saturated monolayer.62, 63 Between 
each precursor pulse, a short purge with inert gas or an evacuation period is used to carry 
away the excess precursor and reaction by-products. One monolayer is usually deposited 
with each ALD sub-cycle including one pulse of each precursor and one purge in between, 
and the sub-cycles are repeated until the target film thickness is reached. By directing these 
reactive precursor chemicals to the desired deposition area, uniform and atomic-level films 
can be grown through self-saturating surface reactions.5  
Highly reactive precursor chemicals are used during the ALD thin film deposition. 
These precursors contain the different elements of the composition of the deposited film, 
and should be thermally stable at the growth temperature and not etch or dissolve in the 
substrate. The key to distinguishing between chemical vapor deposition (CVD) and ALD 
is the use of precursors in ALD growth. These need to have self-saturated or self-limited 
reactions on the substrate surface, which means that when there are sufficient precursors at 
the reaction area, only a certain amount, less than or equal to one monolayer of material, 
can be deposited on the surface no matter how many precursors are further introduced. 5, 63 
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Figure 1.3 shows a schematic for a typical ALD cycle.2 A binary metal oxide 
deposition process is shown as an example. First, the metal precursor is pulsed to the 
reaction zone on the substrate surface. Until the surface reaction is saturated, one 
metal-precursor monolayer is formed. Excess metal-precursor is then purged away by the 
inert carrier gas. Non-metal precursor or reactants are pulsed into the chamber after the 
inert carrier gas purge. When the non-metal precursor or reactants are introduced to the 
reaction zone, they react with the previous metal-precursor monolayer forming a metal 
oxide monolayer or even less than a full monolayer on the surface. Next, the inert carrier 
gas is purged again to clean excess non-metal precursor and reaction by-products to 
complete one ALD deposition cycle. The sample surface is then cleaned and ready for the 
next deposition sequence until the desired film thickness is reached. By alternating the 
precursors and inert carrier gas purge, unwanted gas-phase reactions can be limited and the 
material deposited can be controlled by self-saturated surface reactions creating uniform 
thin films. 5 
There are several advantages of the ALD process that make it stand out from other 
thin-film deposition techniques. ALD deposition usually gives extremely conformal, 
dense, and pinhole-free film surfaces. The process is highly repeatable and scalable, which 
is very important for industrial applications. Another important advantage is that the ALD 
process does not need to precisely control the source fluxes, unlike the MBE process, 
because of its self-saturating reaction nature which allows atomic-level control of 
deposited films. However, a major limitation of ALD is that it is hard to fully avoid some 
contamination because of the precursors and the carrier gas used during processing.63 
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FIG. 1.3. Schematic illustration of one ALD cycle. The metal and non-metal 
precursors are pulsed in until saturated on the substrate surface and then purged out 
alternatively.5 
1.4 Outline of dissertation 
The objective of this dissertation research is to investigate the growth and structural 
properties of perovskite oxide heterostructures intended for future device applications. The 
first part is focused on the integration of perovskite oxides with semiconductor substrates. 
The latter part considers the integration of perovskite oxides on oxides. Device analysis is 
discussed briefly in the final chapter 7.  
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Chapter 2 briefly reviews the experimental techniques that have been used in this 
dissertation research.  
Chapter 3 describes the most basic example of oxide/semiconductor integration. The 
most common perovskite template, SrTiO3, is deposited on the most common 
semiconductor substrate, Si, by the most widely used deposition method for perovskite, 
MBE. The oxide/semiconductor interface as well as growth defects are investigated to 
provise a basis for understanding the following perovskite oxide heterostructures.  
Chapter 4 focuses on MBE-grown oxide heterostructures. MBE-grown BaTiO3 is 
deposited on either SrTiO3 substrate or on a SrTiO3 buffer layer with a Ge substrate. The 
two combinations are compared in turns of their structural defects and crystal structure. 
The polarization orientation as well as structural and chemical analysis of BaTiO3/SrTiO3 
are investigated and described in chapter 5. 
In chapter 6, several different perovskite oxides are introduced to semiconductor 
substrates using the ALD process. The semiconductor substrates included both Si and Ge, 
and some oxides required an MBE-grown STO buffer layer to assist with the initial 
deposition. 
The ferroelectric BaTiO3 layers were fabricated in metal-insulator-metal (MIM) 
heterostructures as ferroelectric capacitor structures in order to correlate electrical, 
physical, and reliability properties. The examination results are collected in chapter 7. 
Finally, chapter 8 summarized the dissertation and possible future work is briefly 
described. 
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Chapter 2 
TECHNIQUES 
2.1 Transmission Electron Microscopy  
The Transmission Electron Microscope (TEM) is a powerful instrument that enables 
acquisition of high-resolution images and spectra of materials down to the atomic scale, 
providing structural and chemical information about heterostructures, interfaces, and 
crystal defects. Figure 2.1 shows the basic layout of optical components. There are two 
major parts of the TEM. The first part above the specimen, including the condenser 
lenses and the electron gun, is called the illumination system. The electrons are extracted 
from the electron gun and focused or defocused by the condenser lenses. The electron 
beam then passes into the image-formation system including the specimen stage, 
objective lens, intermediate lenses, and projector lens. The objective lens forms images 
from the ultrathin specimen. When the back-focal plane after the objective lens is in the 
object plane of the intermediate lens, diffraction patterns are formed on the viewing 
screen. When the image plane after the objective lens is the object plane of the 
intermediate lens, then images are formed on the viewing screen. The intermediate and 
projector lenses determine the image magnification and the final position of the 
diffraction patterns or images that are formed.1,2 
There are two imaging modes of Conventional Transmission Electron Microscope 
(CTEM), namely amplitude contrast and phase contrast. These two imaging modes are 
controlled by the size and position of the objective aperture which is located in the back 
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focal plane of the objective aperture. For amplitude contrast, a small aperture allows only 
a small fraction of the diffracted electrons in the back focal plane to form the final images. 
For phase contrast, a large or no aperture is used to collect several or many diffracted 
beams to form the final image. With different objective aperture size and position, 
amplitude contrast imaging is separated into mass-thickness contrast imaging and 
diffraction contrast imaging. Diffraction contrast imaging is also referred to as 
bright-field (BF) and dark-field (DF) imaging, where the contrast is closely related to the 
crystal orientation. Diffraction contrast imaging is very powerful for distinguishing strain, 
crystal defects, grain boundaries, and different crystallographic phases.1 
Phase contrast imaging with several beams and a large objective aperture in the back 
focal plane primarily involves coherent elastic scattering, and is mostly used for 
high-resolution TEM (HRTEM), which can provide specimen information down to the 
atomic scale. The diffracted beams interfere with each other and form lattice-fringe 
images with contrast that depends on the relative phases of the interfering beams. With 
proper adjustment of microscope imaging conditions such as beam alignment, and 
illumination coherence, HRTEM images can be quantitatively interpreted in terms of 
atomic structure when aberrations of the objective lens such as defocus and spherical 
aberration (Cs) are taken into account. 
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FIG. 2.1. Layout of optical components in a basic TEM 
2.2 Scanning Transmission Electron Microscopy  
Scanning transmission electron microscopy (STEM) is an alternative imaging 
technique. The basic difference between STEM and TEM is that a converged electron 
probe is used for scanning across the sample in STEM imaging compared with a parallel 
beam illuminating the specimen in TEM imaging.  
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The STEM microscope geometry is shown in fig. 2.2. Compared to the layout for 
TEM, the intermediate lenses and projector lenses are removed and replaced by detectors. 
A Field Emission Gun (FEG) is essential for STEM imaging in order to obtain 
atomic-scale resolution. All of the lenses in STEM are used to converge the electron 
beam to form the atomic-scale probe focused on the sample. The last lens before the 
sample is the objective lens. This is the most important lens because it contributes the 
major lens aberrations to the probe. An objective aperture is used to cut off the high-angle 
electrons from the incoming probe, which will reduce the effect of lens aberrations. Two 
pairs of scanning coils are located after the condenser lenses but before the objective lens 
to control the position and orientation of the convergent probe as it is scanned over the 
sample.1,3 
There are usually several detectors in the STEM that can be used for collecting 
electrons that have been scattered at different angles. Different types of images are 
formed based on the range of electron scattering angles. The detector collection angles 
are categorized as four types of imaging: Large-angle bright-field (LABF), Annular 
bright-field (ABF), Medium-angle annular dark-field (MAADF), and High-angle 
annular-dark-field (HAADF). The image magnification in all cases is determined by the 
ratio between the area scanned on the sample relative to the size of the final monitor.  
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FIG. 2.2. Schematic diagram illustrating the layout of the STEM2 
High-angle annular-dark-field is the most commonly used STEM imaging technique 
because it provides information about the composition distribution in the specimen 
especially for elements with high atomic number. The collection angle for HAADF is 
usually in the range of 50 – 250 mrad. With these large collection angles, HAADF 
images are formed mainly from incoherent high-angle scattering and the intensity is 
highly dependent on the average atomic number (Z) as well as specimen thickness. The 
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signal intensity is proportional to Zα (α~1.5-2.0).4 In the research of this dissertation, the 
collection angle for HAADF was typically 90-150 mrad.5 
Large-angle-bright-field (LABF) imaging is an incoherent imaging technique. The 
collection angle is typically 0 ~ 20 mrad which means that the contrast mechanism is no 
longer phase contrast.5 Medium-angle annular-dark-field is an imaging mode with the 
collection angle between LABF and HAADF so the contrast intensity is still proportional 
to Z although some diffraction contrast also contributes to image formation. 
Annular-bright-field using a ring-shape detector is a relatively recent imaging mode. In 
this mode,6 the collection angle is typically between 5 to 20 mrad. This incoherent 
imaging technique is particularly useful for imaging samples containing both heavy and 
light elements, since the contrast differences between heavy and light elements are 
greatly reduced relative to HAADF imaging.  
In addition to the imaging detectors, electron energy-loss spectroscopy (EELS) and 
energy-dispersive X-ray spectroscopy (EDX) con be used to provide compositional 
information simultaneously with STEM imaging. The following section provides more 
details about EELS since it was the method primarily used for chemical analysis in this 
dissertation research.  
2.3 Electron Energy-Loss Spectroscopy (EELS)  
When a high-energy electron beam passes through a specimen, the electrons interact 
with atoms in the sample and generate a range of signals. Electron energy-loss 
spectroscopy (EELS) collects the transmitted electron beam near the optic axis and 
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analyzes the energy distribution of these electrons. The EELS spectrum provides valuable 
sample information including elemental composition, electronic structure, and bonding 
conditions. The electrons involved with inelastic scattering are usually diffracted at small 
angles, and the spectrometer can collect signals with reasonable intensity while the 
higher-angle electrons are used for HAADF imaging. This configuration allows STEM to 
generate structural and compositional analysis at the same time. 
The EELS spectrum can be separated into three major parts: zero-loss peak (ZLP), 
low-loss region, and core-loss region, as shown in fig. 2.3. The ZLP usually represents 
the highest peak in the whole spectrum, and includes all of those electrons that have not 
been inelastically scattered by the sample. Therefore, there is no sample information in 
the ZLP. However, the ZLP is a reference position for other spectrum peaks, and the 
full-width half-maximum of the ZLP represents the energy resolution of the 
spectrometer.4  
The low-loss region is around 5eV~50eV which means that these electrons have lost 
relatively small amounts of energy. These electrons usually result from interactions of the 
fast electron beam with outer-shell electrons that are near the Fermi level of the sample.7,8 
By analyzing peaks in this low-loss region, optical properties of the sample such as 
plasmon excitations, dielectric properties, band gap, interband transitions and surface 
boundary effects can be extracted. By combining the zero-loss peak and the low-loss 
region, the sample thickness can be roughly estimated.9  
Electrons in the core-loss region of the EELS spectrum have usually lost more than 
100 eV as a result of interactions between the incident electron beam with inner-shell 
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electrons of the sample. The shape of the peaks and the range of energies are 
element-specific. Therefore, spectra in this region can be used for elemental identification 
and quantification. For elemental quantification, background subtraction is needed, and 
minimizing the sample thickness is also crucial to avoid plural inelastic scattering. 
 
FIG. 2.3. Typical example of EELS spectrum.4 
In addition to the primary use of the core-loss region for elemental identification and 
quantification, the bonding and valence state of the sample can be extracted and mapped 
using the energy-loss near-edge structure (ELNES), which are characteristic peaks located 
within ~50eV of the respective ionization energies in the core-loss spectrum. When the 
electron beam interacts with the atoms, some inner-shell electrons are ejected into empty 
states. The minimum energy required depends on the ionization potential as well as the 
unoccupied bound states of the specimen. Therefore, the shape of the final edge structure 
will be correlated to the electronic structure of the crystal, as shown in fig. 2.4, which 
also includes information about the local structural and chemical environment.4,7-9 Figure 
2.5 shows an example of valence-state mapping for oxygen and titanium in SrTiO3 with 
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different near-edge structure, also called fine structure, of the O K edge and the Ti L23 
edge as a result of different stoichiometry in SrTiO3-x.10 
 
FIG. 2.4. Schematic showing the relation between electronic structure of crystals and the 
energy-loss near-edge structure4 
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FIG. 2.5. ELNES showing different peak structure for: (a) O K edge, and (b) Ti L23 
edges , for different SrTiO3-x stoichiometry10 
2.4 TEM sample preparation 
Specimens for TEM observation must be electron-transparent. The specimen 
thickness typically needs to be less than one hundred nanometers in order to provide 
reasonable signal to noise ratio for acquired images or specta. Therefore, suitable 
procedures are needed to thin the bulk or thin-film samples grown on solid substrates to 
suitable thickness. There are many different thinning techniques for TEM specimen 
preparation. In this dissertation research, only two types of techniques were used, 
conventional mechanical polishing and focused-ion-beam milling. Depending on the 
mechanical and physical properties of the different materials, different preparation 
parameters need to be optimized. 
2.4.1 Conventional Mechanical Method 
Conventional mechanical polishing can provide extensive thin regions for both 
cross-sectional and plan-view TEM specimens, although more sample material is needed 
for conventional mechanical polishing compared with focused-ion-beam milling. The 
bulk material is cut into pieces about 2 mm × 2 mm in size. For cross-sectional 
observation, two slabs of sample are glued together, face-to-face, and then mechanically 
polished on both sides to around 80 – 100 μm, with one side mirror-finished. For 
plan-view observation, only back-side polishing is needed. The specimens are further 
thinned to less than 10 μm by dimpling, which is then followed by argon ion milling, 
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usually at liquid-nitrogen temperature to avoid thinning artifacts caused by the argon ion 
beam.11  
 
2.4.2 Focused Ion Beam  
The focused ion beam (FIB) usually combines both scanning electron microscope 
(SEM) and FIB column, offering the ability to simultaneously form images from the 
sample surface by collecting secondary electrons while milling the sample materials away 
by bombarding the sample surface with Ga+ ions. Carbon and Pt layers are commonly 
deposited on the sample surface before the FIB milling takes place in order to protect the 
thin film sample. The major advantage of FIB over conventional mechanical polishing is 
that the samples prepared are site-specific and with large uniform thin area, whereas 
dimpled samples are usually with wedge shape. Moreover, less material is needed for FIB 
compared to conventional polishing. However, the overall sample size of FIB is limited 
to about 15 μm × 5μm, which is much smaller than usually provided by conventional 
polishing. Therefore, the FIB was mainly used in this research dissertation for preparing 
samples from areas of specific interest such as patterned devices.12   
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Chapter 3 
CHARACTERIZATION OF STRONTIUM TITANATE/SILICON 
HETEROSTRUCTURES 
3.1 Introduction 
SrTiO3 (STO) is the most common perovskite oxide, and it can be epitaxially grown 
directly on common semiconductor substrates, which would make it an excellent 
intermediate layer for the integration of other functional perovskite oxides in 
semiconductor devices. However, combining SrTiO3 with semiconductor substrate, 
especially silicon, can be challenging to achieve in practice. The drawback is that 
interfacial oxide layers, e.g. silicon dioxide (SiO2), tend to be formed during SrTiO3 
deposition and growth. Many research groups have struggled with this problem. For 
example, He et al. reported interfacial reactions during SrTiO3/Si growth, with the 
formation of an amorphous layer and nano-crystalline precipitates.1 Ramdani et al. 
investigated the relationship between growth temperature and oxygen partial pressure in 
trying to reduce the thickness of the amorphous SiO2 layer.2 Following on from the 
pioneering work of McKee at el,3 several research groups have recently demonstrated 
growth conditions using Sr or SrO monolayers that minimize the thickness of the 
amorphous layer.4  
Although the integration of SrTiO3 with Si is crucial to possible device applications, 
the atomic arrangements at the interface are still unsettled, despite considerable attention 
from the electron microscopy community.1-14 Mi and colleagues5 tried to predict and 
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determine the SrTiO3/Si(001) interface structure by combining first-principles’ 
calculations together with aberration-corrected transmission electron microscopy (TEM). 
Wang et al. used electron-energy-loss spectroscopy (EELS) to determine the local atomic 
coordination symmetry and possible defect incorporation at the SrTiO3/Si interface.12 
Warusawithana et al.6 tried to map the strain in SrTiO3 on Si(001) corresponding to 
ferroelectric domains. This current investigation has used aberration-corrected scanning 
transmission electron microscopy (AC-STEM) to shed more light on the atomic structure 
of growth defects that occur at the SrTiO3/Si(001) interface. 
In this study, anti-phase boundary defects at the SrTiO3/Si (001) interface have been 
investigated by AC-STEM. The samples studied were provided by the group of Professor 
Alex Demkov from the University of Texas at Austin. The major experimental results of 
this work have been published elsewhere.15  
3.2 Experimental Details 
Five unit cells of SrTiO3 were grown directly on Si(001) substrates by molecular 
beam epitaxy (MBE) using a variant of the Motorola-developed process.16 After cleaning 
and desorption of the native oxide layer by Sr-assisted deoxidation at ~ 800 °C,17 a half 
monolayer of Sr was deposited onto the clean Si(001) surface, as indicated by the 2 × 1 
reconstruction that was visible in the reflection-high-energy electron diffraction (RHEED) 
pattern. The samples were then cooled to below 200 °C to prevent the Si surface from 
being oxidized during the following deposition and growth process. After cooling, Sr and 
Ti were co-deposited to the desired thickness with the oxygen partial pressure ramping up 
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from 5 x 10-8 to 4 × 10−7 torr. The SrTiO3 layer was then crystallized by annealing for 5 
minutes under vacuum at 550 °C.18 Cross-section samples suitable for TEM observation 
were prepared via standard mechanical polishing and dimpling followed by 
Ar-ion-milling. Aberration-corrected STEM images were recorded with a JEOL ARM 
200F operated at 200 keV. The beam convergence angle was set at 20 mrad, and the 
collection angles were 0-22 mrad for large-angle bright-field (LABF) imaging and 90-150 
mrad for high-angle annular-dark-field (HAADF) imaging. 
3.3 Results and Discussion 
Figures 3.1(a) and (b) are a matching pair of large-angle bright-field (LABF) and 
high-angle annular-dark-field (HAADF) AC-STEM images recorded at the same time, 
showing typical views of the thin SrTiO3 film grown on the Si(001) substrate. The crystal 
projection orientations are [100] for the SrTiO3 layer and [110] for the Si, corresponding to 
the expected 45° in-plane rotation between materials, with a small lattice mismatch of 
1.7%, with the STO under compression.4,5 The interface region between SrTiO3 and Si 
appears to be clear and sharp, with no signs of an intermediate oxide layer or any interfacial 
reaction. Several short sections of SrTiO3 with apparently different atomic-column 
contrast, as well as structural defects are visible, as denoted by the arrows in figs. 3.1(a) 
and (b). The Si surface at the interface showed bulk-like termination, and there were no 
obvious signs of any Si (001) surface reconstruction, which would be apparent from tilting 
of the projected Si atomic columns at the substrate surface, as commonly seen for studies 
involving Ge(001) substrates that are described in later chapters.  
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FIG. 3.1. (a) LABF, and (b) HAADF, images showing SrTiO3/Si interface region. 
Some sample drift occurred during the image exposure, causing loss of the expected crystal 
symmetry. 
Figures 3.2(a-f) show enlarged views of the SrTiO3/Si interface for two different Si 
terraces, together with schematics depicting the corresponding atomic structure. The 
atomic arrangements at the interface can be clearly observed, and two different 
terminations of the Si surface can be identified. In the LABF image, 3.2(a), HAADF 
image, 3.2(b), and corresponding schematic of the atomic structure, 3.2(c), the Si substrate 
shows closely-spaced pairs of Si atomic columns (“dumbbells”) in the bulk but only single 
atomic columns (i.e., half Si dumbbells) are visible at the SrTiO3/Si interface. The Si 
dangling bonds here would be directed partly into and out of the plane of the image. The 
HAADF image in fig. 3.2(b) is partially overlaid with a schematic of the atomic structure 
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which reveals that the projection of the single Si atomic columns at the interface are 
directly aligned with projections of the Ti atomic columns in the SrTiO3 epilayer. Figures 
3.2(d)-(f) show another region of the SrTiO3/Si interface. In this case, the Si substrate 
shows complete dumbbells that extend all the way to the SrTiO3/Si interface, again with 
the Si dangling bonds lying in the plane of the image. Projections of the Si atoms at the 
interface are again directly aligned with those of the Ti atomic columns.  
 
FIG. 3.2. (a) LABF image, (b) HAADF image half covered with atomic structure 
model, and (c) corresponding schematic showing atomic structure of SrTiO3/Si with single 
Si atomic columns at the interface. (d) LABF image, (e) HAADF image half covered with 
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atomic structure model, and (f) corresponding schematic showing atomic structure of 
SrTiO3/Si with full Si dumbbells at the interface.  
Figures 3.3(a) and (b) are line profiles taken from across the LABF images shown in 
figs. 3.2(a) and (d), respectively. Figure 3.3(a) clearly reveals the closely-spaced pairs of 
Si atomic columns in the substrate and single atomic columns right at the interface 
adjacent to the Ti atomic columns. The measured distance between the last Si atomic 
column and the first Ti atomic column is ~0.395 nm. In contrast, double Si atomic 
columns are visible continuously from the substrate up to the interface in fig. 3.3(b). The 
distance between the last Si atomic column and the first Ti atomic column is ~0.434 nm 
in this configuration. 
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FIG. 3.3. (a) Intensity line profile from fig. 3.2(a); (b) Intensity line profile from fig. 
3.2(d). 
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FIG. 3.4. (a) LABF, and (b) HAADF, images of SrTiO3/Si showing vertical offsets 
within SrTiO3 thin film and a short section (arrowed) displaying different crystal contrast.  
Because of the ~1.7% lattice mismatch with Si, structural defects to relieve the 
compressive strain are likely to be formed within the epitaxial SrTiO3 film. Different types 
of image contrast, as arrowed in fig. 3.4(a), and vertical offsets, as pointed out in the box in 
fig. 3.4(b), are observed within the SrTiO3 layer. Figure 3.5(a) is an enlargement of the 
image within the white box in fig. 3.4(b), and fig. 3.5(b) shows the intensity line profile. 
This profile indicates that there are two planes of Ti atomic columns adjacent to each other, 
in effect forming an anti-phase boundary (APB) with a half-unit-cell vertical offset. Figure 
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3.5(c) depicts a structural model of the SrTiO3 APB.18 In this model, each octahedron 
consists of one Ti atom in the center and six oxygen atoms at the corners. In a perfect 
SrTiO3 crystal, these octahedra would share each corner with another octahedron. When an 
APB is present, then the octahedra share edges instead of corners with adjacent octahedra, 
shifting by half a unit cell with relative displacement vector of a/2[101] on (010) plane, and 
skipping one entire SrO atomic plane.19-23 
 
FIG. 3.5. Enlargements of the box in fig. 3.4(b): (a) with line profile position pointed 
out, and (b) intensity line profile; (c) Defect model showing vertical APB offset. (d) 
Enlargement with overlaid atomic structure model. 
Figure 3.5(d) shows the same area as 3.5(a) but overlaid with an atomic model. The 
APB offset was not only present in the SrTiO3 thin film but also extended down to the 
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SrTiO3/Si interface, as shown in fig. 3.5(d). An extra horizontal SrO plane remained at the 
interface and the adjacent region of the Si substrate surface was slightly disordered. It is 
also interesting that the Si substrate in this case has retained full dumbbell structure on both 
sides of the vertical offset at the interface. However, Si dumbbells on the right hand side of 
the offset were well aligned with Ti atomic columns in the SrTiO3 layer above, whereas the 
Si dumbbells on the left hand side were out of alignment for about six unit cells.  
Figure 3.6(a) shows an enlargement from an adjacent area having a different image 
appearance, which was arrowed in fig. 3.4(b), also indicating the position of the intensity 
line profile shown separately in fig. 3.6(b). This line profile shows that although the atomic 
contrast changes locally, the distances between each atomic plane remain similar but with 
one additional plane. Moreover, the atomic planes corresponding to Sr still show higher 
intensity peaks compared to their neighboring planes.  
Figure 3.6(c) shows a SrTiO3 layer structure model viewed in [001] direction with a 
planar APB defect along the (110) plane with displacement vector of a/2[110]. Similar to 
the vertical APB visible in fig. 3.5, the octahedra on the APB plane share edges with 
adjacent octahedra instead of corners, shifting by half a unit cell with relative displacement 
vector of a/2[110] on the (110) plane.19-23 Figure 3.6(d) is a simulated HAADF image 
based on the defect structure shown in fig. 3.6(c), which has similar appearance as fig. 
3.6(a). For this type of APB defect, the HAADF image shows gradually changing contrast 
between the crystal on both sides, as simulated and visible in fig. 3.6(d). In the middle of 
this region, it appears like there is an extra atomic plane in the sample. The formation of 
these APBs may again originate from substrate surface steps or disorder, as noticed around 
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the vertical APB defect visible in fig. 3.5. Another possible cause is that nucleation of 
SrTiO3 starts randomly at many sites on the substrate surface, in effect growing small 
crystallite islands. The APBs would then be formed when crystallites from adjacent Si 
terraces encounter each other. 
 
FIG. 3.6. (a) Enlargements of the short section arrowed in fig. 3.4(b). Position of line 
profile position indicated. (b) Intensity line profile; (c) Defect model showing planar APB 
defect on (110) plane, and (d) simulated HAADF image based on defect model shown in 
(c).  
3.4 Conclusions 
In summary, atomic-resolution images reveal an abrupt SrTiO3/Si interface with no 
intermediate oxide layer or interfacial reaction, demonstrating successful integration of the 
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perovskite oxide directly onto the Si semiconductor substrate. Both single and double Si 
atomic columns (“dumbbells”) from different terraces of the Si(001) surface were visible 
at the interface. However, there were no obvious remaining signs of any Si (001) 
reconstruction. Despite lattice misfit of 1.7% between SrTiO3 (STO) and Si, no 
dislocations were observed in the SrTiO3 film, presumably because of compressive strain. 
Different anti-phase boundaries (APB) were observed extending from the SrTiO3/Si 
interface into the SrTiO3 layer. APBs consisting of two adjacent TiO2 planes in the SrTiO3 
film have been identified from the HAADF images and confirmed with simulation results. 
Modeling of these APB defects shows that the TiO6 octahedra on the APB plane share 
edges instead of corners with adjacent octahedra by shifting half a unit cell. These APBs 
occurred on either {110} or {010} planes and both types had displacement vectors of 
aSTO/2<110>. The APBs presumably resulted either from Si surface steps or from the 
merging of crystalline domains from different surface nucleation sites. The formation of 
these APBs can help to release the strain within the film and may be the reason that no 
dislocations were found in the STO film. This information about the crystallinity and 
defect formation in the perovskite oxide film and the oxide/semiconductor interface 
provides an important foundation for understanding the future integration between 
perovskite oxides and semiconductors for different applications. 
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Chapter 4 
CHARACTERIZATION OF DEFECTS IN  
BARIUM TITANATE/STRONTIUM TITANATE HETEROSTRUCTURES 
4.1 Introduction 
Barium titanate (BaTiO3, or BTO) is highly promising for applications in 
ferroelectric field-effect transistors (FETs) because of its substantial polarization (0.2 
C/m2), high permittivity (1200) and room-temperature ferroelectricity (TC = 120 ºC). 
Unlike bulk BTO, the properties of BTO thin films are strongly affected by the film 
thickness, internal strain, and BTO/substrate interface properties. It is crucial to control the 
interfacial energy by choosing an appropriate buffer layer or a suitable substrate. However, 
abrupt oxide-semiconductor interfaces are not normally easily achieved because of 
oxidation of the semiconductor surface during initiation of the oxide growth.1 In addition; 
the electrical and structural properties of the interface can play a crucial role in stabilizing 
the direction of the ferroelectric polarization.2 
Ferroelectric materials are often compared in terms of their spontaneous electric 
polarization, which can be reversed by the application of an external electric field.3 The 
desired polarization direction ultimately depends on the device structure and envisioned 
applications, and thus its control is essential. To achieve a functional ferroelectric FET 
device, out-of-plane polarization, i.e., c-axis along the growth direction of the BTO 
tetragonal structure, is necessary,2 whereas in-plane orientation is preferred for integrated 
nonlinear optics elements using the Pockels effect in Si photonics.4-6  
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The integration of semiconductors with ferroelectrics having controlled polarization 
direction is an ongoing and challenging topic of research. By introducing different 
intermediate layers or by using alternative substrates, the polarization orientation of BTO 
can be controlled.2, 3, 7-10 Epitaxial strain can also be used to introduce or enhance the 
ferroelectricity in perovskite oxides.11, 12 From previous work, it is known that BTO thin 
films will be in-plane-polarized and under tensile strain when BTO (a-axis lattice constant 
3.995 Å) is directly deposited onto Ge(001) substrates.3 Conversely, when BTO is 
deposited directly onto SrTiO3 (STO) substrates (lattice constant 3.905 Å) or STO buffer 
layers, then the BTO film is compressively strained and shows out-of-plane polarization.3 
C-axis-oriented BTO layers have been confirmed for growth on STO substrates using 
either pulsed laser deposition,13 or molecular beam epitaxy (MBE).14 Interfacial misfit 
dislocations with Burgers vector a<100> were observed in BTO/STO heterostructures for 
films of various thickness.14 Attempts to analyze the core structure of a<100> edge 
dislocations by combining electron energy-loss spectroscopy (EELS) with scanning 
transmission electron microscopy (STEM) have been reported.15 However, the dislocation 
core structures were not fully determined at that time because of limits on microscope 
resolution.  
Here we describe the characterization of out-of-plane single-crystal ferroelectric BTO 
layers grown using either STO or STO/Ge substrates by our collaborators at University of 
Texas at Austin. The local structure and chemistry of BTO/STO interfacial defects such as 
misfit dislocations and antiphase boundaries have been analyzed by means of 
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aberration-corrected scanning transmission electron microscopy. Major results from this 
study have been published.16 
4.2 Experimental Details 
The substrates used in these studies consisted of 10 × 10 mm2 single crystalline 
Nb:SrTiO3 (001) and Ga-doped (001)-oriented Ge wafers (0.019 Ω-cm) cut into 10 × 10 
mm2 squares. All substrates were degreased with acetone, isopropyl alcohol (IPA) and 
de-ionized water (18.2 MΩ-cm) in a sonicator for 10 min. The STO substrates were 
exposed to ultraviolet (UV) light for 30 min ex situ to remove any organic surface 
contamination followed by thermal anneal in situ at 650 °C for 15 min, whereas the Ge 
substrates were exposed to oxygen plasma in situ for 30 min, followed by thermal anneal at 
750 °C for 1 h prior to deposition. Growth of 15-20 nm BTO thin films and 2-nm STO 
buffer layers was performed in a customized DCA Instruments M600 MBE chamber, using 
Sr, Ti and Ba effusion cells. Information about the growth procedures have been described 
elsewhere.17 For stoichiometry determination after deposition, the samples were 
immediately transferred in situ without breaking vacuum to an X-ray photoelectron 
spectroscopy (XPS) system, consisting of a VG Scienta R3000 electron analyzer and a 
monochromatic Al Kα radiation (hν = 1486.6 eV) source. The Ba : Ti ratios were measured 
to be 49.9% : 50.1% in the BTO/STO/Ge sample, and 50.4% : 49.6% in the BTO/STO 
sample. 
Samples suitable for observation by transmission electron microscopy (TEM) were 
prepared via the standard cross-section method with mechanical polishing followed by 
argon-ion-milling at liquid-nitrogen temperature. Aberration-corrected scanning TEM 
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images were recorded using a JEOL ARM 200F operated at 200 keV. The beam 
convergence angle was set at 20 mrad, and the collection angles were 0-22 mrad for 
large-angle bright-field (LABF) imaging and 90-150 mrad for high-angle 
annular-dark-field (HAADF) imaging. Elemental electron-energy-loss spectroscopy 
(EELS) was carried out with a NION UltraSTEM 100 operated at 100 keV. The respective 
core-less energies used for elemental mapping were Sr L2,3 (1940 eV; 2007 eV), Ti L2,3 
(456 eV, 462 eV), Ge L2,3 (1217 eV, 1248 eV), Ba M4,5 (781 eV, 796 eV) , and O K (532 
eV). 
4.3 Results and Discussion 
When STO thin layers are grown on Ge(001) substrates, the STO is rotated by 45° 
relative to the Ge substrate in order to closely match their respective simple-cubic and 
face-centered-cubic lattices. The half-diagonal of the Ge unit cell is 4.001 Å, compared 
with the STO lattice parameter of 3.905 Å, so that epitaxial growth results in 2.5% tensile 
strain in fully coherent STO films.  
The typical morphologies of the BTO/STO/Ge and BTO/STO heterostructures are 
compared in Fig. 4.1. The crystal projections for imaging are [100] for both BTO and STO, 
whereas the Ge substrate is in the [110] projection. Figure 4.1(a) is a low-magnification 
HAADF image of a BTO/STO/Ge heterostructure showing sharp BTO/STO and STO/Ge 
interfaces. Figure 4.1(b) is a low-magnification HAADF image of the BTO/STO sample. 
This image shows the sharp interface as well as two misfit dislocations in the BTO layer 
(arrowed): both dislocations are slightly offset away from the interface. These defects are 
shown at higher magnification in Figs. 4.1(c) and (d). Although surface steps and defects 
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are visible in the BTO/STO/Ge and BTO/STO samples, the overall crystal quality appears 
to be very good, consistent with X-ray diffraction rocking curves (not shown), and there are 
no visible signs of any amorphous interfacial layers in either sample. 
 
FIG. 4.1. (a) HAADF image showing BaTiO3/SrTiO3/Ge heterostructure, and (b) 
HAADF image showing BaTiO3/SrTiO3 heterostructure. (c) and (d) Enlargements 
showing the dislocations visible in (b).  
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FIG. 4.2. HAADF images from defect-free region of BTO/STO/Ge heterostructure 
showing Ge surface step (arrowed) between 2 × and 1 × periodicities in (a); 1 × periodicity 
in (b); and 2 × periodicity in (c).  
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Figure 4.2 are high-magnification HAADF images of the BTO/STO/Ge 
heterostructure showing enlarged views of the interfaces. A sharp STO/Ge interface with a 
single-layer surface step in between 2 × and 1 × periodicities on the Ge substrate surface is 
clearly visible in Fig. 4.2(a). Figure 4.2(b) shows a region with 1 × periodicity and Fig. 
4.2(c) shows a region with 2 × periodicity. From measurements of these images, it is 
determined that the STO unit cell is stretched slightly horizontally because of strain arising 
from misfit with the Ge substrate. The [110] lattice spacing of Ge (3.992 Å) is slightly 
larger than the STO lattice parameter, the STO unit cells are tetragonal due to tensile strain, 
and the in-plane STO(100) lattice spacing measured from the images is close to 3.99 Å. 
Despite the tensile strain in the STO buffer layer, the BTO thin film retains an out-of-plane, 
c-axis-oriented tetragonal structure with lattice parameters of 3.99 Å for in-plane and 4.02 
Å for out-of-plane directions. 
Elemental EELS mapping of the BTO/STO/Ge heterostructure is shown is Fig. 4.3. In 
the middle region of the Sr and Ba maps, there is a one-unit-cell surface step (arrowed) 
between the STO and BTO films. Despite this surface step, the interface remains very clean 
and smooth, and there are no indications of any impurities or any amorphous oxide layer 
between BTO and STO or between STO and Ge. The EELS map confirms the sharpness of 
the two interfaces and also indicates that there is very little inter-layer diffusion. 
Figure 4.4 shows a region of the BTO/STO/Ge sample with a step (arrowed) between 
2 × and 1 × reconstructions of the Ge(001) substrate surface. The STO buffer layer between 
BTO and Ge is under tensile strain causing the in-plane STO lattice parameter to be 
elongated to 3.99 Å. Thus, the lattice mismatch between BTO and STO buffer layer is 
 50 
reduced to only about 0.2%, and no misfit dislocations are observed at the BTO/STO/Ge 
interface. However, discontinuous structural features are visible in the BTO layer: by 
observation at higher magnification, these are identified as anti-phase boundaries (APBs), 
as previously reported in STO/Si(001) heterostructures and shown in Chapter 2.18 It is 
again proposed that small crystallites are nucleated at different sites on the growth surface 
during the initial stages of depositing the STO (or BTO) films. When these grains expand 
laterally and meet with other grains, then APBs are often likely to be formed, causing the 
contrast features that are visible in Fig. 4.4.  
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FIG. 4.3. Elemental EELS mapping for BTO/STO/Ge heterostructure showing sharp 
interface between BTO and STO, with surface step (as arrowed) and no inter-layer 
diffusion. 
 
FIG. 4.4. (a) LABF, and (b) HAADF, images showing BaTiO3/SrTiO3/Ge 
heterostructure with anti-phase boundaries and a surface step (as arrowed) but no visible 
misfit dislocations.  
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The BaTiO3 films that were deposited directly onto STO substrates had an 
out-of-plane lattice parameter of 4.06 Å corresponding to out-of-plane polarization. 
However, many <100> misfit dislocations caused by the accumulated strain due to the 
~2.3% in-plane lattice mismatch, were observed near the BTO/STO interface. Anti-phase 
boundaries were also visible, as shown in Figs. 4.5(a) and (b). It is interesting that the offset 
distances between the dislocation cores and the BTO/STO interface varied considerably. 
Some of these defects were located as close as about 2 unit cells from the interface, 
whereas others were more distant by as much as 10 unit cells away from the interface, 
which is consistent with results reported previously.14, 15 However, it is noteworthy that 
none of the misfit dislocations were situated right at the BTO/STO interface. As an 
example, Fig. 4.5(c) shows an a<100> misfit dislocation that is located roughly 4 unit cells 
away from the BTO/STO interface. Figure 4.5(d) shows a proposed structural model based 
directly on the appearance of the HAADF image. This model also closely represents the 
structure of other misfit dislocations that were observed in the same sample. As shown in 
the model, there is one less Ba atomic column in the crystal structure starting from a 
location of about 4 unit cells above the interface, meaning that the dislocation core is 
Ba-terminated.  
Figure 4.6 shows elemental EELS mapping acquired from a region of the BTO/STO 
heterostructure that includes an edge dislocation, where the core in the case is located 3 unit 
cells away from the interface. The elemental map here again indicates that there is no 
measurable Sr/Ba interdiffusion across the interface or in the region of the dislocation. 
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Moreover, the results are consistent with the proposed crystal structure model shown in 
Fig. 4.5(d) with additional Ba and (Ti atomic) columns below the dislocation core. 
 
FIG. 4.5. (a) LABF, and (b) HAADF, images showing BaTiO3/SrTiO3 heterostructure 
with misfit dislocation and anti-phase boundaries. (c) HAADF image of BaTiO3/SrTiO3 
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misfit dislocation with different distance between dislocation core and interface. (d) 
enlargement of dislocation core in (c) with proposed crystal structure.  
 
FIG. 4.6. Elemental EELS mapping for BaTiO3/SrTiO3 heterostructure with misfit 
dislocation, confirming no inter-layer diffusion, together with the proposed structural 
model.  
The electron-energy-loss near-edge structure (ELNES) for Ti L23 edges and O K 
edges for a region of the BTO/STO heterostructure are shown in Figs. 4.7. The respective 
spectra are taken from the STO substrate, marked in red, the edge dislocation, marked in 
green, and the BTO layer, marked in blue. Both the BTO and STO regions show two small 
satellite peaks in the ELNES spectrum to the right of the Ti L23 white lines. These satellite 
peaks are attributed to backscattering from the neighboring ordered atoms.19, 20 However, 
when the lattice ordering is broken locally, such as near the vicinity of a dislocation core, 
these two peaks are no longer visible, as clearly apparent in Fig. 4.7 (b). For the O K edges, 
shown in Fig. 4.7(c), the peak labeled C, which comes from the nearest O atoms, splits into 
two smaller peaks, labeled here as C1 and C2. This splitting occurs because the crystal 
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structure of the BTO film is tetragonal rather than cubic, which breaks the local symmetry 
of the O atoms.21, 22 There is no well-defined C peak at the location of the dislocation core 
because of this disruption of local ordering, which is similar to the results observed from 
the Ti L23 edges. 
 
FIG. 4.7. (a) HAADF image of BTO/STO heterostructure. Corresponding 
electron-energy-loss near-edge structure for (b) Ti L2,3, and (c) O K edges, for STO 
substrate, dislocation, and BTO film, as indicated.  
4.4 Conclusions 
The BaTiO3 (BTO)/ SrTiO3 (STO) heterostructures studied here were grown by MBE 
either directly with STO substrates or by using 2-nm-thick STO buffer layers grown on 
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Ge(001) substrates. It was found that both BTO/STO and BTO/STO/Ge heterostructures 
showed structurally and chemically abrupt interfaces. Misfit dislocations and anti-phase 
boundaries were observed for the BTO/STO heterostructure. None of the edge dislocations 
were located right at the interface and no inter-layer diffusion was observed even along the 
line of the dislocations. Different distances between the dislocation cores and the interface 
plane were observed for the same sample, with the core-interface separation varying 
between about 2 to 10 unit cells. Although the offsets between the dislocation core and the 
interface were different, the core structures appeared to be the same with one extra Ba 
atomic column at the dislocation cores. The ELNES analysis of Ti L23 edges and O K edges 
indicated the absence of local atomic ordering around the edge dislocations, as well as 
being consistent with the vertically polarized tetragonal structure of the BTO thin films 
when grown on STO substrates. It was significant that no interfacial misfit dislocations 
were present for the BTO/STO/Ge heterostructure. Moreover, because of tensile strain, the 
epitaxial STO thin films in this system were strained to the Ge substrate and became 
tetragonal with an in-plane lattice parameter a ≈ 3.99 Å. The corresponding epitaxial BTO 
film retained the c-axis-oriented tetragonal structure, which would be crucial for future 
device applications. Further analysis of the polarization fields in these thin BaTiO3 films 
is presented in the following chapter. 
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CHAPTER 5 
POLARIZATION OF BARIUM TITANATE THIN FILMS 
5.1 Introduction 
Ferroelectric materials have attracted enormous attention recently due to their many 
potential industrial applications.1 Barium titanate (BaTiO3, or BTO) is highly promising 
for applications in ferroelectric field-effect transistors (FETs) because of its substantial 
polarization (0.2 C/m2), high permittivity (1200) and room-temperature ferroelectricity 
(TC = 120 ºC). In order to achieve functioning ferroelectric devices, the polarization field 
needs to be aligned normal to the interface so that it can be switched by the application of 
an external electric field.2 Several methods have been reported for controlling the 
polarization direction of ferroelectric perovskite oxides.2-7 In this research, different 
intermediate layers or alternative substrates were integrated with a ferroelectric BaTiO3 
layer in order to introduce epitaxial strain that would control the polarization orientation 
as well as enhance the polarization strength.8, 9 BTO/STO/Ge and BTO/STO 
heterostructures were investigated and described in detail in Chapter 4. These 
heterostructures were out-of-plane-polarized which was consistent with previous work 
that showed in-plane polarization for BTO/Ge and polarization normal to the plane for 
BTO/STO/Ge and BTO/STO.2 However, local polarization of the BTO films was not 
directly quantified in these studies.  
Atomic-scale information is critical for understanding the response of ferroelectric 
materials, which depends on the orientation, stability, magnitude, and domain patterns of 
 60 
the polarization fields that are caused by small asymmetrical deviations in atomic 
positions.10-12 Local orientation of the ferroelectric polarization can be characterized by 
several methods. X-ray diffraction and Raman spectroscopy are the most common 
techniques used to detect the local polarity. However, they do not provide atomic-level 
local information.13, 14 Convergent beam electron diffraction (CBED) in the TEM is 
another method that can be used for determining local polarity.15 However, the spatial 
resolution is limited by the probe size, which is typically around a few nanometers, and 
simulations are usually needed to extract polarity information from the CBED 
patterns.10,15-18 
Aberration-corrected transmission electron microscopy (ACTEM) has been used to 
directly display maps of atomic-column displacements in both bulk and thin film 
ferroelectric materials for determination of domain patterns.19-24 However, it is 
challenging to determine the local polarity for materials with smaller atomic displacement, 
such as BaTiO3. Here, we demonstrate characterization of polarization mapping for 
out-of-plane single-crystal ferroelectric BTO/STO heterostructures grown by our 
collaborators at University of Texas at Austin. Mapping of the local polarity and chemical 
information about BTO/STO such as stoichiometry have been determined directly by 
means of aberration-corrected scanning transmission electron microscopy.  
5.2 Experimental Details 
The 20-nm-thick BTO thin films were deposited on Nb:STO (001) substrates by 
molecular beam epitaxy (MBE) and capped with 15-nm-thick TiN contacts. All substrates 
were degreased with acetone, isopropyl alcohol (IPA) and de-ionized water (18.2 MΩ-cm) 
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in a sonicator for 10 min. Organic surface contamination on the STO substrates was 
removed by ultraviolet light and thermal anneal at 650 °C. Information about the growth 
procedures has been given elsewhere.25 Cross-section samples suitable for TEM 
observation were prepared via the standard cross-section method, with mechanical 
polishing followed by Ar-ion-milling at liquid-nitrogen temperature. Aberration-corrected 
STEM images were recorded using a JEOL ARM 200F operated at 200 keV. The beam 
convergence angle was set at 20 mrad, and the collection angles were 0-22 mrad for 
large-angle bright-field (LABF) imaging and 90-150 mrad for high-angle 
annular-dark-field (HAADF) imaging. Elemental electron-energy-loss spectroscopy 
(EELS) was carried out with a NION UltraSTEM 100 operated at 100 keV. The respective 
core-less energies used for elemental mapping were Sr L2,3 (1940 eV; 2007 eV), Ti L2,3 
(456 eV, 462 eV), Ge L2,3 (1217 eV, 1248 eV), Ba M4,5 (781 eV, 796 eV) , and O K (532 
eV). 
5.3 Results and Discussion 
5.3.1 Structural Analysis 
Figure 5.1 shows an overall view of a TiN/BTO/Nb:STO heterostructure with sharp 
interfaces observed between BTO/STO and TiN /BTO. Some misfit dislocations can also 
be observed, as already described in chapter 4. The lattice mismatch between BTO (a = 
3.995Å) and STO (a = 3.905 Å) is about 2.3%. The compressive strain in the BTO film 
not only helps to control the BTO polarization to be c-axis oriented but it can also 
enhance the polarization magnitude.  
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Figure 5.2 (a) is an atomically-resolved HAADF image. In this image, Ti atomic 
columns, the dimmer spots, are visible between Ba atomic columns, the brightest spots, 
and Sr atomic columns, the second brightest spots in the bottom region. The positions of 
the Ba and Sr atomic columns are then located by intensity weight and are marked as 
green crosses in fig. 5.2 (b). The positions of the four closest green crosses are then 
averaged to establish the center of the ideal perovskite unit cell, which is then compared 
with the measured positions of the Ti atomic columns. To visualize the polarization 
vector map, the red arrows in fig. 5.2 (b) point from the ideal unit-cell center to the 
measured Ti atomic column, where the tails of the arrow heads are scaled to be ten times 
the difference between the ideal centers and the measured Ti atomic column positions. As 
shown by the three enlargements in fig. 5.2(b), the magnitude of the BTO polarization 
was largest close to the BTO/STO interface but the magnitude gradually dropped, moving 
away from the interface. Eventually, the directions of the arrows displayed a random 
distribution, as shown in the enlargement at the top of fig. 5.2 (b). 
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FIG. 5.1. (a) LABF, and (b) HAADF, images showing overall view of 
TiN/BTO/Nb:STO heterostructure.  
 
FIG. 5.2. (a) Atomically-resolved HAADF image for measurement of Ti 
atomic-column positions. (b) Vector maps and enlargements showing displacement of Ti 
atomic columns. 
Figure 5.3 shows the line profile of the Ti displacements measured from fig. 5.2 (b). 
The displacement values are averaged along the in-plane direction to demonstrate the 
relationship between polarization direction and magnitude with distance to the BTO/STO 
interface. It is clear that the polarization direction was upward close to the interface with 
atomic-column displacements between 0.10 to 0.15 Å. The displacement starts to slowly 
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drop about 6-7 nm away from the interface and it eventually switched to downward 
above about 11-12 nm away from the interface.  
 
FIG. 5.3. Averaged line profile showing Ti atomic column displacement from fig. 
5.2 
A flexoelectric effect has been reported for epitaxial dielectric oxide 
heterostructures.26, 27 Electrical polarization can be induced by inhomogeneous 
mechanical strain which can be caused by interface lattice mismatch or from mechanical 
bending.28 In order to determine if the polarization gradient measured here is due to a 
flexoelectric effect, the lattice parameters were measured and compared with the amount 
of Ti displacement, as shown in fig. 5.4. Figure 5.4 (a) is a map of the out-of-plane 
displacement of the Ti atomic columns. The displacements accumulate in the lower 
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region of the BTO film showing upward polarization, whereas the displacements in the 
upper region are not as consistent, with some areas showing upward polarization and 
some areas downwards. Conversely, the trend is not as clear in fig. 5.4 (b), which is the 
map of out-of-plane lattice parameters. The values of the out-of-plane lattice parameters 
fluctuate a little instead of showing a linear gradient, which does not match with the 
gradient observed in the Ti displacement map. This lack of linear gradient in the change 
of lattice parameter indicates that the polarization gradient in this BTO/STO 
heterostructure is not likely to be due to a flexoelectric effect. 
 
FIG. 5.4. (a) Map of out-of-plane Ti atomic column displacements representing 
characteristic polarization behavior (b) Map of out-of-plane lattice spacing measured 
from Ba-to-Ba interatomic distance in BaTiO3 unit cells. 
5.3.2 Chemical Analysis 
 66 
Figure 5.5 shows EELS fine structure taken from near the BTO/STO interface. 
Energy-loss near-edge structure (ELNES) of the Ti L23 and O K edges are fitted, and then 
mapped to extract the bonding and valence state of the analyzed area. Figure 5.5 (a) is an 
HAADF image showing the analyzed area of the BTO/STO interface. Figures 5.5 (b) and 
(c) are fitted and mapped results for the Ti L23 ELNES, with red representing Ti4+ in STO, 
and green representing Ti4+ in BTO. Figure 5.5 (b) shows the line profile across the 
interface with a sharp Ti3+ peak, marked in blue, right at the BTO/STO interface, with a 
much longer peak tail extending into the BTO film. Figure 5.5 (c) shows the 
corresponding map of the analyzed area with blue at the interface indicating the region 
with Ti3+, whereas green represents Ti4+ in BTO and red represents Ti4+ in STO. 
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FIG. 5.5. (a) HAADF image shows the region analyzed by EELS; (b) EELS line 
profile for Ti L23 edge fitting; (c) EELS mapping for Ti L23 edge fitting; (d) EELS line 
profile for O K edge fitting; (e) EELS mapping for O K fitting. (Courtesy of Sirong Lu) 
The results observed from O K ELNES aligned with corresponding Ti L23 ELNES 
results, are shown in figs. 5.5 (d) and (e). Figure 5.5 (d) is the line profile of O K edge 
and fig. 5.5 (e) is the corresponding map. Both show a sharp peak of oxygen vacancies at 
the BTO/STO interface marked as blue. The tail of the peak for oxygen vacancies also 
extends into the BTO film. These results suggest that oxygen vacancies have accumulated 
in the BTO film around the interface: these may originate from the “seeding layer”, 
which was deposited with lower oxygen partial pressure at the beginning of the growth. 
These oxygen vacancies could explain the expanded lattice parameters for the first few 
nanometers in the BTO film, as shown in fig. 5.4 (b), since it is known that oxygen 
vacancies can cause atomic relaxation in perovskite oxides.27, 29  
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FIG. 5.6. (a) HAADF image showing the region analyzed by EELS; (b) EELS line 
profile for Ti L23 edge fitting; (c) EELS mapping for Ti L23 edge fitting; (d) Ti atomic 
column displacement averaged line profile; (e) EELS line profile for O K edge fitting; (f) 
EELS mapping for O K fitting. (Courtesy of Sirong Lu) 
Figure 5.6 shows ELNES analysis across the whole BTO film. Figures 5.6 (b) and (c) 
are line scan and mapping for Ti L23 edges, while figs. 5.6 (e) and (f) are for O K edges 
with red representing Ti4+/O in STO, green representing Ti4+ in BTO, blue representing 
Ti3+/VO in BTO, and sky blue representing Ti3+/O in TiN. These two pairs of results 
match well with each other, showing three Ti3+/VO peaks inside the BTO film and two 
Ti3+/VO peaks at the BTO/STO and BTO/TiN interfaces. Although not as clear as the 
previous relationship between the ELNES mapping and lattice parameter expansion at the 
BTO/STO interface, areas with larger lattice parameter, marked as orange in fig. 5.4 (b), 
can still be observed wherever there are Ti3+/VO peaks in the line scan or mapping, 
marked as blue in figs. 5.6 (b), (c), (e), and (f), at around 11, 16, and 22 nm from the 
BTO/STO interface as well as the two interfaces, showing aggregated oxygen vacancies. 
Furthermore, the Ti3+/VO peak starting from 22 nm eventually connects with the sharp 
Ti3+/VO peak at the BTO/TiN interface followed by Ti3+/O peaks in TiN, marked in sky 
blue. The O peak in TiN indicates that the TiN capping layer was partially oxidized either 
during growth or the annealing process. The oxygen peak visible in the TiN layer may 
come from the BTO layer underneath, which causes the sharp peak in oxygen vacancies 
accumulating around the BTO/TiN interface that potentially contributes to the smaller VO 
peaks in BTO.  
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These oxygen vacancies effectively carry positive charge, which may explain the 
polarization gradient in the BTO film. The VO accumulated at the BTO/STO interface 
created a positive charge potential which cause the Ti4+ in BTO unit cells to shift upwards. 
Similar results were found for another BTO/TiN interface. The Ti4+ in the upper BTO 
film tends to shift away from the VO accumulated at the BTO/TiN interface and then 
turns downwards. These two positive potentials at the interfaces create a potential 
gradient in the BTO film which then results in the polarization gradient. The upward 
polarization displacement stops when it meets the first VO space peak at around 11 nm 
and reverses to downward polarization creating a horizontal domain wall in the middle of 
the BTO film. Similar trends in terms of Ti atomic-column displacements were reported 
in our previous study of BTO/STO/Ge heterostructure.2 
5.4 Conclusions 
Polarization displacements in the BTO films of TiN/BTO/STO heterostructures have 
been investigated. The Ti4+ atomic column displacements were measured directly using 
HAADF images as well as lattice parameters. The largest displacement was around 0.15 
Å at the BTO/STO interface pointing from the BTO/STO interface towards the TiN/BTO 
interface. The displacement amount dropped as the distance away from the interface 
increased, indicating a polarization gradient in the BTO thin film. The polarization 
direction switched to downwards near the TiN/BTO interface, pointing towards the 
BTO/STO interface, at around 11 nm in the BTO film, which also shows the first Ti3+/VO 
peak in the EELS ELNES mapping. The polarization gradients may originate from the 
sharp positively-charged VO peaks at the two TiN/BTO and BTO/STO interfaces. The 
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oxygen vacancies are likely to have been formed because of the growth conditions and 
could possibly be eliminated by annealing in oxygen. Stabilized ferroelectric properties 
of perovskite oxides after oxygen annealing have been reported.30  
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Chapter 6 
CHARACTERIZATION OF ALD-GROWN OXIDE/SEMICONDUCTOR 
HETEROSTRUCTURES 
6.1 Introduction 
Perovskite oxides have attracted great interest, as noted earlier, because of their wide 
range of physical and electronic properties spanning from insulating to metallic, and 
including ferromagnetic, ferroelectric, or superconducting behavior.1-4 Furthermore, their 
lattice spacings along the [110] direction are closely matched with semiconductor 
substrates such as Si or Ge. These features make them very attractive candidates for future 
electronic devices. The predominant deposition method for perovskite oxides on 
semiconductors is molecular beam epitaxy (MBE) due to its ability to control the 
stoichiometry of ternary oxide materials and to control the oxygen pressure precisely 
during growth. On the other hand, atomic layer deposition (ALD) provides a chemical 
route for large-scale, low-cost, uniform and conformal thin-film deposition for industrial 
applications. However, because of the nature of the growth atmosphere during ALD, extra 
care must be taken at the initiation stage of growth to prevent interfacial reactions or 
oxidation of the substrate surface. The cycling conditions of the deposition also need to be 
adjusted to obtain the desired stoichiometric ratio of the perovskite oxide.5 
The ALD-grown oxide/semiconductor heterostructures studied here were grown in 
the laboratory of Professor John Ekerdt at the University of Texas-Austin. Cross-section 
specimens suitable for TEM observation were prepared via standard mechanical polishing 
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and dimpling followed by Ar-ion-milling. Aberration-corrected STEM images were 
recorded with a JEOL ARM 200F operated at 200 keV. Regular HRTEM images were 
taken using a Philip CM200 FEG TEM operated at 200 keV. Some of the results 
described here have been incorporated in three recent publications.6-8 
6.2 Characterization of ALD-grown oxide thin films with MBE-grown SrTiO3 buffer 
layer on Si (001) 
SrTiO3 (STO) is not only the most common perovskite oxide epitaxially grown on 
semiconductor substrates, it is also the most common material used as a substrate for 
growth of other perovskite oxides. These two factors mean that SrTiO3 is ideal to serve as 
an intermediate buffer layer between semiconductor substrates and other functional oxides. 
Moreover, it offers a clean oxide/semiconductor interface and it also provides a protective 
layer for the underlying semiconductor substrate. Compared to MBE, control of the oxygen 
atmosphere is less precise for ALD, which can result in poor quality oxide/semiconductor 
interfaces. An alternative approach to overcome this problem is to grow the perovskite 
oxide by ALD processing on an MBE-grown STO buffer layers with Si (001) substrate. In 
the studies described here, an STO buffer layer was grown using MBE before the 
additional perovskite oxide layer was deposited using ALD. 
6.2.1 ALD-grown La-doped SrTiO3 / BaTiO3 / La-doped SrTiO3 heterostructure 
with MBE-grown SrTiO3 buffer layer on Si (001) 
Figures 6.1(a) and (b) show a pair of LABF and HAADF STEM images taken from a 
sample with 15-nm La-doped SrTiO3 (LSTO) and 15-nm BaTiO3 film deposited on 2-nm 
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La-doped STO and 1.6-nm MBE-grown STO buffer layers with a p-type Si substrate. The 
heterostructure was grown by atomic layer deposition (ALD), except for the 1.6-nm STO 
buffer layer in direct contact with the Si substrate, and it was then annealed at 600 °C to 
improve the crystal quality. Although previous studies had shown very good quality 
MBE-grown STO thin films on Si substrates with abrupt interfaces, an amorphous layer 
was observed between the MBE-grown STO buffer layer and the Si substrate in this sample, 
as clearly visible in fig. 6.1. Nevertheless, the multilayer is epitaxial and the crystallinity of 
the multilayer appears quite reasonable. Moreover, the film thicknesses and the various 
interfaces seem to be relatively uniform.  
 
 FIG. 6.1. (a) LABF, and (b) HAADF, images showing 15-nm La:STO/ 15-nm BTO/ 
2-nm La:STO/ 1.6-nm MBE-grown STO/ p-Si heterostructure. 
Figure 6.2 shows another pair of BF and HAADF STEM images of the same sample 
taken at higher magnification. Grain boundaries are visible, as arrowed in fig. 6.2(b), with 
 76 
slight apparent crystal rotations between grains. Some of the grain boundaries originate 
from the bottom part of the MBE-grown STO layer and continue into the BTO layer. The 
reason for formation of these grain boundaries is likely to be the same as proposed 
previously for the APBs observed in STO/Si heterostructures.9 Crystallites can be 
nucleated at different sites on the substrate surface and a grain boundary would be formed 
when the crystallites extend laterally and join together. However, the heterostructure 
remains overall as a single epitaxial unit.  
 
FIG. 6.2. (a) LABF, and (b) HAADF, images of La:STO/ BTO/ La:STO/ MBE STO/ 
p-Si showing grain boundaries of LSTO, STO/LSTO and BTO. 
6.2.2 ALD-grown SrZrO3 thin film with MBE-grown SrTiO3 buffer layer on Si 
(001) 
Figure 6.3 shows HREM images from a sample with 16-nm ALD-grown SrZrO3 
(SZO) thin film with an MBE-grown STO buffer layer on Si substrate. Similar to the result 
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above, an amorphous layer is present between the MBE-grown STO buffer layer and the Si 
substrate. The amorphous layer was thinner than for the previous sample but it is clearly 
visible in fig. 6.3(b). From the contrast appearance in fig. 6.3(a), slight crystal rotations 
again seem to be present. However, the crystallinity of the STO and SZO layers as well as 
the thickness uniformity, both seem very good. 
 
FIG. 6.3. HREM images of ALD-grown SZO on Si showing: (a) uniform film, and (b) 
good crystal quality, with an amorphous layer at the interface. 
6.3 Characterization of ALD-grown Oxides on Ge (001) 
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The native GeO2 formed on Ge surfaces is relatively unstable and can be easily 
removed by vacuum annealing before growth, which would be an essential step for the 
integration of perovskite/Ge heterostructures in different device applications. Ge is also a 
preferred substrate for fast device operation because of its higher hole and electron 
mobilities compared to Si.9, 10 Hence, there is increased interest in using Ge as the substrate 
material for perovskite oxide/semiconductor heterostructure integration. Moreover, 
compared to growth on Si substrates, growth on Ge appears to be much more tolerant to an 
oxygen atmosphere during ALD growth. 
6.3.1 ALD-grown BaTiO3 Heterostructures on Ge 
BTO has attracted much interest because of its ferroelectricity and high permittivity11 
which make it an excellent candidate for ferroelectric FET devices,12 negative-capacitance 
devices,13 or applications in nanophotonics.14 The most common growth method for 
epitaxial BTO films on semiconductors has been MBE due to its ability to control the 
oxygen pressure precisely during the deposition. On the other hand, ALD is much easier to 
adopt for large-scale growth in industrial applications.  
From the previous work described in chapter 6.2, perovskite films have been 
epitaxially integrated to Si substrates using ALD, although an MBE-grown STO buffer 
layer was essential for preventing amorphous interlayers and ensuring good crystal quality. 
An approach that overcomes the interlayer reaction at the beginning of the ALD growth 
has recently been developed for Ge(001) substrates making it possible to epitaxially grow 
perovskite oxide using ALD directly without the need for an MBE-grown STO template.5 
A two-step process is needed. A compositionally Sr-rich STO film at least 2-nm thick 
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needs to be deposited and crystallized before initiating deposition of the following 
perovskite oxide layer in order to suppress formation of the amorphous oxide layer on the 
Ge surface.6, 15, 16 Results are described in the following sections. 
6.3.1.1 BaTiO3 on Ge with ALD-grown SrTiO3 buffer layer 
The first step taken to achieve the goal of growing BTO film on Ge substrate using 
only ALD was to replace the MBE-grown STO buffer layer with an ALD-grown STO 
buffer layer. In this case, an initial 2-nm amorphous STO layer was deposited by ALD and 
then annealed to become crystalline. An Sr-rich cycling ratio of 2:1 Sr-precursor to 
Ti-precursor was used. After crystallization of the initial STO buffer layer, an additional 
amorphous BTO layer with a thickness of 10 nm was then deposited and annealed to 
achieve crystallinity.  
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FIG. 6.4. (a) LABF, and (b) HAADF, images of ALD-grown BTO and ALD-grown 
STO on Ge. Several grain boundaries are visible.  
Figure 6.4 shows an overall view of the BTO/STO/Ge sample. The interface is 
reasonably abrupt and no obvious amorphous interlayer can be observed, which is the most 
important criterion for growth. The overall film thickness is, however, not uniform. It also 
appears that the upper part of the BTO film remains amorphous or partially crystalline after 
annealing, which may be due to insufficient duration of annealing or possibly low 
annealing temperature. From the contrast in the HAADF image in fig. 6.4(b), it also 
appears that the top surface of the ALD STO buffer layer is not flat. Several grain 
boundaries are visible in both the STO buffer layer and the BTO film.  
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FIG. 6.5. (a) LABF, and (b) HAADF, images of ALD-grown BTO/STO 
heterostructure on Ge substrate shown at higher magnification. Surface steps as well as 
APBs are visible.  
Figure 6.5 shows another pair of LABF and HAADF images of the BTO/STO/Ge 
heterostructure taken at higher magnification. The APBs can be clearly seen on both sides 
of the grain starting from the STO elongated into the BTO film with Ge surface steps on 
each side. This observation supports the mechanism proposed above for the formation of 
APBs in either MBE- or ALD- grown perovskite oxides, i.e., crystallites at the beginning 
of growth or the onset of crystallization are nucleated at different sites on the Ge substrate 
surface. When the crystallites initiated in adjacent Ge regions extend laterally and merge 
together, then intersections above the Ge surface steps result in APBs. 
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6.3.1.2 BaTiO3 on Ge with ALD-grown BaTiO3 buffer layer 
An alternative approach to BaTiO3 thin films growing is to replace the ALD-grown 
STO buffer with an ALD-grown BTO buffer layer. The previous growth procedure was 
used but the Sr-precursor was replaced by a Ba-precursor. Moreover, the cycling ratio for 
the initial BTO layer was 4:3 for the Ba-precursor to Ti-precursor to create an amorphous 
Ba-rich BTO film on the Ge substrate, in order to suppress the interlayer. The film with an 
approximate thickness of 2 nm was then annealed to become crystalline, as monitored by 
RHEED in real time. The additional BTO film was then deposited to a thickness of about 8 
nm and then also annealed, so that the total BTO film thickness was about 10 nm.  
Figure 6.6 shows an overall view of the ALD-grown BTO on Ge. The crystallinity of 
the BTO film appears to be very good and the film thickness is uniform. The interface is 
sharp, even better than the previous BTO/STO/Ge sample, showing no interfacial reactions 
between BTO and Ge and no oxidation of the Ge substrate surface. The Ge 2 × 1 surface 
reconstruction is preserved after the ALD growth and annealing, and is clearly visible. 
Some Ge surface steps are also observed. 
 83 
 
FIG. 6.6. (a) LABF, and (b) HAADF, images of ALD-grown BTO directly grown on 
Ge showing very good crystal quality and preservation of Ge surface reconstruction. 
There are many grain boundaries visible in this BTO/Ge sample, which is consistent 
with the previous BTO/STO/Ge sample. Figure 6.7 is an enlarged view showing APBs in 
the BTO film. Both of these two samples had excess Sr (or Ba) in the film. However, no 
obvious phase-separated Sr or Ba was observed in either sample, which was reported 
previously to have occurred when excess Ba was used during growth.17 The boundaries 
could be sites where excess Sr or Ba are accommodated during any redistribution in the 
annealing process.  
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FIG. 6.7. (a) LABF, and (b) HAADF, images of ALD-grown BTO directly on Ge 
substrate showing Ge surface steps as well as grain boundaries. 
Figure 6.8 shows an enlarged view of the relationship between Ge surface steps and 
APBs. A Ge surface step is visible between Ge 2× and 1× surface reconstructions on the 
left hand side, as arrowed in fig. 6.8(b). There is also an APB right above the surface step 
extending from the interface all the way through the BTO film. Another APB can be seen 
on the right hand side as well, with another Ge surface step underneath the boundary. These 
pairs of APB-surface steps are consistent with our previous observation and the proposed 
model for APB formation in perovskite oxides. 
 85 
 
FIG. 6.8. (a) LABF, and (b) HAADF, images of ALD-grown BTO with Ge substrate 
showing Ge surface steps between 2 × and 1× surface reconstructions as well as planar 
boundaries. 
6.3.2 ALD-grown SrZrO3 on Ge 
The SZO film described here was deposited on a Ge substrate instead of Si, as 
reported previously. Compared to Si, Ge is much more tolerant to oxygen atmosphere 
during deposition so that no MBE-grown STO buffer layer is needed. Even without the 
MBE-grown STO buffer layer, the interfaces between the oxide thin films and the Ge 
substrate were again very sharp, overall showing much better quality than the samples that 
were grown on Si substrates. 
The surface GeO2 on Ge (001) substrates is usually removed by annealing at 700 °C in 
vacuum (<2 × 10-9 Torr) for 1 h. After verifying the surface reconstruction and composition 
by RHEED and X-ray photoelectron spectroscopy (XPS), the SZO samples were then 
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transferred in situ and exposed to the metal-organic zirconium and strontium precursors in 
the ALD chamber.18 
The interface shown in fig. 6.9 is clean and abrupt with no interfacial amorphous layer 
and the Ge 2×1 surface reconstruction is preserved after the deposition and annealing 
process. A surface step between Ge 2× and 1× is indicated by the arrows in fig. 6.9. The 
crystal quality of the SZO layer seems excellent. No edge dislocations were observed but 
only APBs, as visible in figs. 6.10 which shows another pair of BF and HAADF STEM 
images of SZO/Ge at higher magnification with arrows indicating the APB. The APB starts 
from the SZO/Ge interface and continues into the SZO film, forming a grain boundary 
where the grains meet. There seems to be a small crystal rotation between the two grains, 
possibly because of the surface step on the Ge substrate.  
 
FIG. 6.9. (a) LABF, and (b) HAADF, images of ALD-grown SZO on Ge showing a 
sharp interface with a surface step between 2 × and 1 × Ge surface reconstruction.  
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FIG. 6.10. (a) LABF, and (b) HAADF, images of ALD-grown SZO on Ge showing 
surface step and short APB (as arrowed) extending from the interface into the film. 
6.3.3 ALD-grown SrHf0.55Ti0.45O3 Thin Film on Ge 
Compared with Ti-based perovskites, SrHfO3 has a more favorable conduction band 
offset (~2.2 eV) with Si and Ge substrates (~0.1 – 0.5 eV).6, 7,16, 19, 20 Thus, doping Hf into 
SrTiO3 helps to improve the conduction band offset, and increase the lattice constant, 
which may also affect epitaxy. The lattice constants are 3.905 Å for STO and 4.069 Å for 
SHO. The SrHfxTi1-xO3 (SHTO) sample prepared here for cross-sectional STEM 
observation had x=0.55, which would lead to ~1.4% misfit with the Ge (001) surface 
spacing of 4.001 Å along the [110] direction. The Ge substrate was annealed in vacuum 
(<2 × 10-9 Torr) for 1 h to produce the 2 × 1 surface reconstruction. After completion of the 
ALD deposition process, the sample was annealed at 650 °C to transform the amorphous 
film to crystalline, as monitored in real time by RHEED. The annealing temperature 
proved to be very important for the SHTO samples since previous work showed that 
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samples annealed at over 700 °C resulted in interfacial layers. In the present case, the 
SHTO film was deposited with a thickness of 14 nm and then crystallized.2 
 
FIG. 6.11. (a) LABF, and (b) HAADF, images of ALD-grown SHTO sample on 
Ge(001) substrate with several surface steps showing excellent crystal quality and 
uniformity.  
 89 
 
FIG. 6.12. (a) LABF, and (b) HAADF, images of ALD-grown SHTO on Ge showing 
Ge surface steps extending across several atomic layers. An APB is also visible as 
indicated. 
The pair of LABF and HAADF images in fig. 6.11 show a sharp SHTO/Ge interface 
with no apparent interfacial layer. The film appears uniform in thickness and the film 
surface is reasonably smooth. A few Ge substrate surface steps are also visible. Figure 6.12 
shows enlarged views of the interface. An APB with changed intensity contrast can be 
observed on the right hand side as indicated by the arrow. The Ge atomic columns near the 
APB are misaligned with the Hf/Ti columns above, as also observed previously in STO/Si 
samples. Several Ge surface steps correspond to half-SHTO unit cells visible at the 
interface. The APBs most often appear at surface steps but this is not always the case where 
surface steps are present. The steps may appear together with a change between 2 × and 1 × 
Ge surface reconstruction or without any change. The density of Ge surface steps seems to 
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be higher than observed with other Ge-substrate samples, which may be due in this case to 
the Ge surface treatment before the ALD deposition process. Both the misalignment 
between columns and the substrate surface steps have the potential to become electrical 
trap states for future device applications, as observed previously for SHO thin films grown 
on Ge substrates by ALD.21 
 
FIG. 6.13. (a) LABF, and (b) HAADF, images of ALD-grown SHTO thin film on Ge 
substrate showing local grain tilting in the SHTO film relative to the Ge substrate surface. 
The Ge 2 × 1 surface reconstruction together with surface steps are more clearly 
visible in figs. 6.13. It is apparent that there is a rotation between the SHTO crystal film 
and the Ge substrate. Slight tilts are also visible between grains in the SHTO film. As 
shown in fig. 6.13(b), the local crystal tilt near the Ge surface is about 2.2°. This tilting 
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between films and grains may be caused by lattice mismatch and film strain. The strain in 
this case between the Ge substrate and SrHf0.55Ti0.45O3 film with x=0.55 should be ~1.4% 
compressively strained.  
Fig. 6.14 shows elemental EELS mapping for the SHTO/Ge heterostructure, which 
confirms that there is no interlayer diffusion, reaction, or amorphous layer formed during 
the ALD deposition process or the post-deposition annealing. 
 
FIG. 6.14. Elemental EELS mapping for SHTO/Ge heterostructure showing sharp 
interface between SHTO and Ge with no inter-layer diffusion.  
6.4 Conclusions 
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For most proposed applications of oxide/semiconductor heterostructures, especially 
for high-k devices, poor crystallinity will likely lead to serious leakage and degrade the 
performance and a thin MBE-grown STO buffer layer is still necessary with Si substrates 
for additional ALD perovskite growth, in order to suppress the interfacial SiO2 amorphous 
layer. In this chapter, several different perovskite oxides were shown to be successfully 
integrated on semiconductor substrates using ALD growth. Thus, ALD can be used to 
grow high quality crystalline perovskite oxides epitaxially on Ge substrates without 
interfacial reaction or substrate surface oxidation, using a two-step growth process 
followed by thermal annealing.  
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CHAPTER 7 
FAILURE ANALYSIS OF PATTERNED FERROELECTRIC DEVICES 
7.1 Introduction 
In order to correlate electrical, physical, and reliability properties as well as to control 
dielectric breakdown of contact/ferroelectric interfaces, metal-insulator-metal (MIM) 
heterostructures, based on the BTO/STO samples described previously, were fabricated as 
ferroelectric capacitor structures and then electrically stressed to the point of breakdown. 
Such MIM capacitors have several advantages compared to metal-oxide-semiconductor 
(MOS) capacitors, including high conductive electrodes, low parasitic capacitances, and 
restricted field distribution.1 The field distribution in MIM capacitors is confined within 
the dielectric oxide layer. Thus, the accuracy of capacitance measurement is higher since 
the capacitance does not depend on the substrate, which is the case for MOS capacitors. 2-4 
In this part of the research, BaTiO3 thin films were grown on Nb-doped SrTiO3 
conducting substrates with different top metal electrodes, including Pt, TiN, and Au/Ni, 
and then patterned by focused-ion-beam milling, Au/Ni liftoff, and an isolation-defined 
approach. The samples investigated were grown by the groups of Prof. Demkov and Prof. 
Ekerdt at University of Texas at Austin and electrically tested by the group of Prof. 
Young at University of Texas at Dallas. 
7.2 Characterization of Metal-Insulator-Metal with Focused-Ion-Beam Milled 
Electrode  
 96 
 A BTO/Nb:STO heterostructure was grown by MBE with an in situ deposited Pt 
top contact. After growth, the Pt layer was milled by focused-ion-beam (FIB) to isolate 
individual electrodes. The electrodes were then tested for metal-insulator-metal (MIM) 
capacitor behavior, as shown in figs. 7.1 and 7.2. This particular sample did not display 
ferroelectric behavior but it showed good MIM capacitor behavior with relatively low 
leakage I-V curves. The voltages applied to the capacitors were then increased until the 
MIM devices lost their insulating/capacitor behavior. The capacitors showed relatively 
very high leakage currents after electrical breakdown had occurred as shown in fig. 7.2.  
 
FIG. 7.1. Representative C-V behavior for FIB-milled Pt/BTO/Nb:STO. (Courtesy 
of Professor C. Young, UT-Dallas) 
Figure 7.3 shows HRTEM images comparing heterostructures before and after 
electrical breakdown. These TEM samples were prepared by FIB cross-sectioning to 
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enable access to areas of specific interest. As shown in fig. 7.3(a), the initial BTO film 
was highly crystalline, with epitaxial growth on the Nb:STO substrate and uniform film 
thickness. A few defects penetrated from the BTO/Nb:STO interface through the BTO 
film but the BTO layer was epitaxial and single crystal. 
 
FIG. 7.2. I-V measurement of Pt/BTO/Nb:STO heterostructure: (a) prior to, (b) after, 
electrical breakdown (Courtesy of Professor C. Young, UT-Dallas)  
Figure 7.3(b) shows a region of the heterostructure after electrical breakdown had 
occurred. It is very clear that the upper part of the BTO layer has become polycrystalline 
whereas the bottom part of the BTO layer remains single crystal. In order to determine 
whether there was any compositional change in the damaged BTO film, EELS line scans 
were conducted across the film, and the results are shown in fig. 7.4.  
Figure 7.4 shows EELS spectra of the Ti L23 edge, which can be used to determine 
the bonding states of individual Ti columns at the atomic scale. As shown in fig. 7.4(b), 
the Ti L23 edge changes from four peaks to two peaks, which corresponds to changes in 
the Ti oxidation state from 4+ to 3+ moving from the bottom part of the BTO film to the 
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upper part.5 This change indicates that oxygen vacancies have been introduced after 
breakdown. These oxygen vacancies as well as grain boundaries formed in the 
polycrystalline part of the BTO film are likely to be paths for electron transport, which 
would make the capacitor much more conducting.6-9 
 
FIG. 7.3. FIB-milled Pt/BTO/STO samples: (a) before, and (b) after electrical 
breakdown showing the change of crystallinity of BTO film 
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FIG. 7.4. (a) HAADF image of Pt/BTO/STO after electrical breakdown showing the 
region analyzed. (b) EELS spectra for the Ti L23 edge along line indicated in (a) showing 
the change from four peaks to two peaks corresponding to change of Ti oxidation state 
from 4+ to 3+. 
7.3 Characterization of Metal-Insulator-Metal structure with Au/Ni Electrode   
Photolithography was applied to establish circular Au/Ni electrodes with diameters 
of 120, 60, 30, and 15 μm on the MIM structures. The Ni and Au films were e-beam 
evaporated to thicknesses of 5 nm and 150 nm, respectively, after pattern resist, and then 
lifted-off, as illustrated in fig. 7.5.8 
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Three XTEM samples were prepared by FIB milling from the areas marked in fig. 
7.5, one from an area that had not broken down labeled F7R-2(fresh) and two from 
electrically stressed areas labeled G7-3(stressed) and F7-3(stressed).  
 
FIG. 7.5. (a) Au/Ni metal lift-off process, (b) SEM image showing the patterned 
Au/Ni/BTO/Nb:STO sample surface 
Figure 7.6 shows STEM images from the region labeled as F7R-2(fresh) in Fig. 7.5 
(b). Figures 7.6 (a) and (b) are lower magnification images showing typical views of the 
Au/Ni/BTO/Nb:STO heterostructure. Some grain boundaries are visible in the BTO film, 
but the BTO layer remains highly crystalline. Some misfit dislocations and APBs can be 
seen in the BTO film in figs. 7.6 (c) and (d), but the BTO layer has been grown 
epitaxially with a sharp interface on the Nb:STO substrate. 
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FIG. 7.6. (a) LABF, and (b) HAADF, images showing excellent crystal quality of 
Au/Ni/BTO/Nb:STO heterostructure before electrical breakdown. (c) LABF, and (d) 
HAADF, images confirming the highly crystalline nature of the BTO film. 
Figure 7.7 shows STEM images of an electrically stressed area from region 
G7-3(stressed). It is apparent from figs. 7.7 (a) and (b) that the film thickness as well as 
the overall morphology are still retained after electrical breakdown. However, it is also 
clear from figs. 7.7 (c) and (d) that the upper part of the BTO layer has been transformed 
from single crystalline to polycrystalline, which is consistent with the previous results for 
the FIB-milled Pt electrodes. Another sample from the stressed area labeled F7-3 was 
also characterized by STEM, and showed the same end result (not shown here).  
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FIG. 7.7. (a) LABF, and (b) HAADF images from electrode labeled G7-3 (stressed) 
showing the Au/Ni/BTO/Nb:STO heterostructure after electrical breakdown. (c) LABF, 
and (d) HAADF images showing polycrystalline BTO layer. 
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FIG. 7.8. Electrical measurements for Au/Ni/BTO/Nb:STO heterostructures. (a) I-V 
data showing hard breakdown occurring around 3-4 V. (b) C-V data showing ideal MIM 
capacitor behavior. (c) C-V data after oxygen anneal showing possible ferroelectric 
response. (Courtesy of Professor C. Young, UT-Dallas) 
Figure 7.8 shows electrical measurements for several of the Au/Ni/BTO/Nb:STO of 
samples. Figure 7.8(a) shows relatively low leakage current and hard breakdown voltage 
at around 3 to 4 V. Figure 7.8(b) displays C-V results that show ideal MIM capacitor 
behavior, which is consistent with the previous FIB-milled electrode sample.  
It has been reported that oxygen vacancies should be minimized in order to realize 
ferroelectric behavior for BTO/Nb:STO devices.7,8 Hence, the Au/Ni/BTO/Nb:STO 
sample was annealed in oxygen in order to incorporate oxygen into the BTO thin film. 
 104 
Figure 7.8(c) shows two symmetric peaks around zero taken from a sample five days 
after an oxygen anneal, which could be taken as an indication of some ferroelectric 
response. This results of this study stress the need to carefully control the stoichiometry 
of the ferroelectric BTO film as well as the need to eliminate oxygen vacancies.  
7.4 Characterization of Metal-Insulator-Metal with Isolation-Defined Electrode 
An isolation-defined approach is an alternative process that enables a BTO film to 
be isolated within a hollowed-out region instead of starting out with a blanket BTO film. 
The metal contact can then be grown inside this region, as illustrated by the schematic in 
fig. 7.9(a). The low temperature oxide insulator used in this part of the study was SiO2 
grown by plasma-enhanced chemical vapor deposition (PECVD), which was then 
patterned by lithography with a subsequent combination of dry and wet etching. A dry 
etch was devised to obtain vertical sidewalls in the beginning while the wet etch was used 
for the last 40 nm to obtain smooth surfaces. 
Figure 7.9 (a) shows a schematic illustrating the structure of isolation-defined Pt 
electrodes on Nb:STO substrate and figs. 7.9 (b)-(d) are corresponding SEM images 
taken at increased magnification. From the SEM image in fig. 7.9 (d), it appears that the 
Pt metal layer is not fully isolated from the bottom of the via to the top surface of the 
isolating SiO2. This contact will likely cause an electrical short during measurement. A 
second attempt at fabricating isolation-defined Pt electrodes on BTO/Nb:STO is shown in 
fig. 7.10. However, similar negative results were obtained, as shown by the images in figs. 
7.10 (c) and (d). The two layers are again still connected, which would likely result in an 
electrical short. 
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FIG. 7.9. (a) Schematic showing isolation-defined Pt electrode/Nb:STO structure. 
SEM images showing: (b) Overall sample pattern morphology; (c) 120-μm Pt electrode; 
(d) The edge between Pt electrode in the via and on the SiO2 surface. 
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FIG. 7.10. (a) Schematic showing isolation-defined Pt electrode/BTO/Nb:STO 
structure. SEM images showing: (b) overall sample pattern morphology, (c), (d) enlarged 
views of the edge between the Pt electrode in the via and on the SiO2 surface. 
 
FIG. 7.11. Schematic showing the process flow adopted for improved 
isolation-defined approach with metal lift-off. (Courtesy of Professor C. Young, 
UT-Dallas) 
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FIG. 7.12. (a) Schematic showing isolation-defined Au/Ni electrode/BTO/Nb:STO 
sample with mushroom-like structure. SEM images showing: (b) overall sample pattern 
morphology, (c) 120-μm Au/Ni electrode, (d) edges of Au/Ni electrode in the via and on 
the SiO2 surface.  
In order to solve the shorting issue, another patterning process was developed, as 
illustrated in fig. 7.11. Another photolithography step was added after BTO growth to lift 
off the metal layers and form electrodes with mushroom-like shapes. Since the electrodes 
should be isolated from each other using this approach, it is not so critical to have 
separated films along the SiO2 sidewall. 
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Figure 7.12 (a) is a schematic, and figs. 7.12 (b)-(d) are SEM images showing the 
structure with the improved isolation-defined mushroom-shape Au/Ni electrodes. The 
mask for metal lift off was, however, still not perfectly aligned with the vias, as shown in 
fig. 7.12 (c) and (d), but the Au/Ni layer covers the whole via serving its function.  
 
FIG. 7.13. Cross-sectional SEM images showing: (a) 120-μm Au/Ni electrode; (b) 
one side of the electrode with SiO2 isolation; (c) edges of Au/Ni electrode in the via and 
on the SiO2 surface; (d) edge of Au/Ni electrode with SiO2 isolation. 
Figure 7.13 are cross-sectional SEM images giving an overview of the mushroom 
capacitor structure. As apparent in fig. 7.13(b), the Au/Ni metal film is uniform, covering 
all the way from the top surface of SiO2 to the sidewall, as well as the bottom of the via. 
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There is some BTO film remaining on the SiO2 surface, although the thickness is too thin 
to be observed in these SEM images. 
 
FIG. 7.14. STEM images of mushroom-shape Au/Ni/BTO/Nb:STO capacitor: (a) 
LABF, and (b) HAADF images of the sidewall and both the top and bottom parts of the 
capacitor. (c) LABF, and (d) HAADF images providing enlarged views of the capacitor 
sidewall. 
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Figure 7.14 show cross-sectional STEM images for an isolated Au/Ni mushroom 
capacitor structure with a 60-μm electrode. The sample for TEM observation was 
prepared by FIB, including the sidewall and both top and bottom parts of the capacitor. 
Unfortunately, the interfaces of SiO2/ Nb:STO and BTO/SiO2 were not very flat after all, 
and holes are observed in the SiO2 film, as clearly apparent in fig. 7.15. Furthermore, the 
edge of SiO2 isolation is not well-defined as an ideal 90 degree vertical wall. Instead, it is 
round on the corners and there is a surface bump for the hollowed via where the SiO2 
ends.  
Figure 7.14 (c) and (d) are STEM images showing the sidewall of the capacitor at 
higher magnification. Although the metal layers are not connected, it is clear that the 
BTO layer did not stop growing along the SiO2 sidewall. It is extended from the top of 
the SiO2 isolation surface along and all the way down the sidewall to connect with the 
BTO layer at the bottom of the capacitor, which will again likely result in leakage and 
possible shorting. The BTO layer grown on SiO2 was found to be amorphous whereas the 
BTO films grown on Nb:STO were single crystal and epitaxial. 
Figure 7.15 shows another region of the top part of the capacitor with Au/Ni/ 
amorphous BTO/SiO2/Nb:STO heterostructure. The top surface of the SiO2 layer is very 
rough, which will also affect the BTO and Au/Ni layers deposited on top of it. Moreover, 
the interface between SiO2 and Nb:STO is not as uniform as for the previous samples. 
There are also many holes (pores) showing light contrast, as visible in the LABF image in 
fig. 7.15(a). These light contrast areas were confirmed to be holes by EDX line scans, as 
shown in fig. 7.16.  
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FIG. 7.15. (a) LABF, and (b) HAADF STEM images showing the uneven interfaces 
of SiO2/Nb:STO and SiO2/BTO as well as holes (pores) in the SiO2 film. 
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FIG. 7.16. (a) HAADF image showing the region analyzed by EDX. EDX spectra of 
the top part of the capacitor from: (b) SiO2 film, (c) hole (pore), (d) Nb:STO substrate. 
The corresponding EDX line scan spectra are shown in fig. 7.16. The region scanned 
is visible in HAADF image, fig. 7.16(a). Figure 7.16(b) is the spectrum from the SiO2 
film showing a large Si peak, with the Cu peak coming from the TEM support grid. The 
spectrum from the substrate, as shown in fig. 7.16(d), also confirms the SrTiO3 
composition. The Nb content is less than 0.1 wt% which is too small to be detected. 
Figure 7.16(c) is a spectrum from the light contrast part of the film and no other elements 
are detected except Si and O. Moreover, the peak intensity is significantly lower 
compared to the regular SiO2 film shown in fig. 7.16(b). Thus, the area with light contrast 
actually corresponds to a hole (or pore) in the SiO2 film. The reasons for the formation of 
these holes is still unclear. These could originate from heating after BTO growth leading 
to a reaction between the SiO2 film and the Nb:STO substrate, or the heating possibly 
degrades the SiO2 film. 
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FIG. 7.17. (a) LABF, and (b) HAADF STEM images showing residue between 
Au/Ni metal layer and the Nb:STO substrate on the bottom of the capacitor. 
Figure 7.17 is another region of the bottom part of the capacitor showing a bump 
between the metal layer and the Nb:STO substrate, which is also visible in figs. 7.14. 
Figure 7.18 shows the EDX line scan spectra crossing the bump. From 7.18(b), Au is 
present as well as Cu from the TEM support grid. Reasonable STO spectra are detected, 
as shown in fig. 7.19(d). However, in between the metal layer, the BTO layer, and the 
STO substrate, the spectrum from the middle region shows a Si peak. For the bottom part 
of the capacitor, an SiO2 layer was deposited as a blanket layer at the beginning. The 
SiO2 layer was then partially etched away to form the via to grow BTO and the metal 
contact, as shown in the process flow, fig. 7.11. Therefore, from the spectrum shown in 
fig. 7.18(c), the bump is most likely SiO2 residue left from the etching process. 
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FIG. 7.18. (a) HAADF image showing the region scanned by EDX. EDX spectra of 
the top part of the capacitor from: (b) Au/Ni film, (c) residue, (d) Nb:STO substrate. 
Another XTEM sample of an isolated Au/Ni mushroom capacitor structure with a 
30-μm electrode was prepared by FIB as a comparison. Figures 7.19 (a) and (b) show the 
bottom part of the capacitor, again with some SiO2 residue. The shape of the corners for 
the SiO2 edges are even more round compared to the example already shown for a 60-μm 
electrode. Similar uneven interfaces are visible as well as holes (pores) in the SiO2 film, 
as shown in figs. 7.19(c) and (d). The gaps between the top and bottom of the metal 
layers and BTO films are smaller for the sidewall of this smaller-size electrode.  
These results emphasize that further improvements in patterning will be needed in 
order to obtain ideal vertical sidewalls, as well as to eliminate reactions in the SiO2 films, 
before fully isolated electrodes and capacitors can be achieved. 
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FIG. 7.19. STEM images of 30-μm mushroom-shape Au/Ni/BTO/Nb:STO capacitor, 
(a) LABF, and (b) HAADF images of the bottom part of the capacitor (c) LABF, and (d) 
HAADF images showing the sidewall and both the top and bottom parts of the capacitor. 
(e) LABF, and (f) HAADF images for enlarged views of the capacitor sidewall. 
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CHAPTER 8 
SUMMARY AND FUTURE WORK 
8.1 Summary 
Perovskite oxides have attracted intense interest because of their wide range of 
physical properties including metal-insulator transitions, ferroelectricity, pyroelectricity, 
piezoelectricity, superconductivity…etc.1-4 In order to combine the functionality of 
perovskite oxides with conventional semiconductor substrates for device applications, 
integration of oxide/semiconductor heterostructures with sharp interfaces and controlled 
defects is critical.5-7 The research of this dissertation has focused on the characterization 
of perovskite oxide/oxide and oxide/semiconductor heterostructures, and analysis of 
interface and defect structures, mostly using scanning transmission electrom microscopy 
(STEM) and related techniques.  
The structure of SrTiO3/Si grown by molecular beam epitaxy (MBE) was first 
characterized to provide a basis for understanding the integration of perovskite oxides 
with semiconductors. Successful integration of SrTiO3/Si with abrupt interfaces was 
confirmed. Anti-phase boundaries (APB) but no misfit dislocations were present in the 
SrTiO3 films. These APBs occurred on either {110} or {010} planes and both types of 
APBs had displacement vectors of aSTO/2<110> as determined from HAADF images and 
simulations. 8-12 The APBs were presumed to have resulted either from Si surface steps or 
from the merging of crystalline domains originating at different surface nucleation sites. 
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The formation of these APBs would help to release strain within the SrTiO3 films and 
might be the major reason that no dislocations were observed in the SrTiO3 (STO) films.  
Ferroelectric BaTiO3 (BTO) thin films for field-effect transistors (FETs) were 
deposited directly onto STO substrates or STO buffer layers with Ge (001) substrates by 
MBE. Both BTO/STO and BTO/STO/Ge heterostructures showed structurally and 
chemically abrupt interfaces and retained the tetragonal c-axis-oriented structure, which 
would be crucial for future device applications. No interfacial misfit dislocations were 
present but only APBs for the BTO/STO/Ge heterostructure because the epitaxial STO 
films were coherently strained to the Ge substrate and became tetragonal, reducing the 
lattice misfit between STO and BTO films. Clear Ge 2 × 1 surface reconstructions were 
observed as well as misfit dislocations and APBs for the BTO/STO heterostructure. The 
edge dislocations were located 2 to 10 unit cells away from the interface with 
Ba-terminated dislocation cores identified from HAADF images and atomic EELS 
mapping. The ELNES analysis of Ti L23 edges and O K edges indicated the absence of 
local atomic ordering around the edge dislocations, as well as being consistent with the 
vertically-polarized tetragonal structure of the BTO thin films when grown directly on 
STO substrates.  
The polarization displacement in the BTO films of TiN/BTO/STO heterostructures 
was then investigated in more detail. The Ti4+ atomic column displacements were 
measured directly through HAADF images as well as from lattice parameters. The largest 
displacement was approximately 0.15 Å at the BTO/STO interface, pointing away from 
the BTO/STO interface towards the TiN/BTO interface. However, the displacement 
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amount dropped as the distance from the interface increased, indicating the presence of a 
polarization gradient in the BTO thin film. The lack of linear gradient in lattice parameter 
changes suggested that the polarization gradient in this BTO/STO heterostructure was not 
due to flexoelectric effect. The polarization gradient may instead originate from the 
potential gradient formed by the sharp positively-charged VO peaks identified at the two 
TiN/BTO and BTO/STO interfaces. The polarization direction switched to downwards, 
pointing from the TiN/BTO interface towards the BTO/STO interface, at around 11 nm in 
the BTO film, which also showed a peak in the Ti3+/VO ratio in EELS ELNES mapping. 
These oxygen vacancies are likely formed because of the growth conditions and could 
possibly be eliminated by post-annealing in oxygen. There have been reports showing 
ferroelectric properties of perovskite oxides are stabilized by oxygen annealing.13 
The ALD technique provides a low-cost chemical route for large-scale, uniform and 
conformal thin-film deposition for industrial applications whereas MBE is limited by 
relatively high costs and slow growth rates. Thus, atomic-layer deposition (ALD)-grown 
samples were characterized and compared with MBE-grown samples The Si substrates 
proved to be more sensitive to oxygen atmosphere compared to the Ge substrates. Even 
though an MBE-grown STO buffer layer was used to protect the Si substrate surface 
before deposition of oxides grown by ALD, amorphous layers were still observed at the 
STO/Si interface. 
Ge substrates were shown to be more tolerant to an oxygen atmosphere during ALD 
growth, although a two-step process was needed to overcome interlayer reactions at the 
beginning of the ALD growth. A compositionally Sr-rich STO film at least 2-nm thick had 
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to be deposited and crystallized before initiating deposition of the following perovskite 
oxide layer in order to suppress the formation of amorphous oxide layers on the Ge 
surfaces.14-16 A 10-nm BTO film was deposited on an STO buffer layer by ALD. The 
interfaces of this ALD-grown BTO/STO/Ge heterostructure were both sharp with no 
amorphous layer in between. The STO buffer layer was then replaced by BTO layer 
grown using a two-step process, which resulted in BTO/BTO/Ge heterostructures that 
also showed excellent epitaxial layers with sharp interfaces and uniform films. Several 
other perovskite oxides, such as SrHfTiO3 and SrZrO3, were then grown with this 
two-step process, and again showed excellent crystal quality. 
Metal-insulator-metal (MIM) heterostructures based on BTO/Nb:STO were 
fabricated as ferroelectric capacitor structures and then electrically stressed to the point of 
breakdown to correlate structural changes with electrical and physical properties. BaTiO3 
was patterned on Nb:STO with different top metal electrodes, including Pt, TiN, and 
Au/Ni, using focused-ion-beam milling, Au/Ni liftoff, and an isolation-defined approach. 
However, the samples did not display ferroelectric behavior although they showed good 
MIM capacitor behavior. The crystallinity in the BTO layer was partially transformed 
from single crystal to polycrystalline after electrical breakdown had occured. EELS line 
scans indicated that oxygen vacancies had been introduced, shifting the Ti oxidation state 
from 4+ to 3+ moving from the bottom part of the BTO film to the upper part. These 
oxygen vacancies, as well as grain boundaries that were formed in the polycrystalline 
BTO film, are likely to be paths for electron transport, which would make the capacitors 
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more conducting.6-9 Other issues resulting from patterning, such as short contacts and 
etching residues, were also identified and are likely to affect the measurements. 
 
8.2 Future Work 
8.2.1 Polarization of Barium Titanate Thin Films 
In chapter 5, the polarization of BTO thin films was measured by locating the 
relative positions of Ti and Ba atomic columns in atomically-resolved HAADF images. It 
would be very helpful in developing a more complete of the polarization behavior if 
oxygen atomic columns were also located since the displacement directions of O and Ti 
atomic columns should be opposite in ferroelectric materials. By locating both of these 
two elements, any artifacts caused by sample tilting or scanning noise could be 
minimized, improving the accuracy of the displacement measurement. 
Annular-bright-field is a STEM imaging mode that involves collecting signals from a 
ring-shape detector with typical collection angles between 10 to 20 mrad. This technique 
is particularly useful for imaging samples with both heavy and light elements. Therefore, 
all Ba, Ti, and O atomic columns should be individually resolved, and located, as shown 
in fig. 8.1.  
Furthermore, in all the observations described in this dissertation of the specimens 
were characterized along [100] directions of the BTO films. In [100] direction, 
projections of the Ba and Ti atomic columns in the images are actually mixed with O 
atomic columns. The signal from O is relatively low because of its small atomic number. 
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However, these effects from O overlap would be eliminated if the specimens were 
characterized along the [110] direction instead of [100] direction. 
 
 
FIG. 8.1 (a) ABF STEM image of BTO/STO heterostructure (b) Enlargement of (a) 
showing Ba, Sr, Ti, and O atomic columns in the ABF image (c) Corresponding HAADF 
STEM image of BTO/STO. 
8.2.2 Failure Analysis of Patterned Ferroelectric Devices  
There are many further improvements in patterning still needed to obtain ideal 
capacitor devices, as shown in chapter 7. Figure 8.2 shows one of the patterned SiO2 
sample with some BTO residue. This sample demonstrates one of the required steps for 
forming devices, with SiO2 patterning followed by annealing for oxide growth. In this 
specific sample, no reactions in the SiO2 films were found, although BTO residues were 
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visible on the SiO2 film. Figure 8.3 shows the elemental EDX line scan for the residue 
confirming the composition. 
 
FIG. 8.2. (a) LABF, and (b) HAADF, STEM images of patterned SiO2/Nb:STO 
sample. 
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FIG. 8.3. EDX line scan of patterned SiO2/Nb:STO sample showing BTO residue on 
top of the SiO2 thin film. 
Another issue in patterning is size control of the patterned metal contacts. Figure 8.4 
shows a Pt top contact with non-uniform thickness which makes it hard to define an 
accurate area for the top contact. The sample that was under electrical breakdown showed 
an amorphized BTO layer. The amorphized BTO layer showed different thicknesses as 
well having different thickness in the top contact which makes normalization for 
measurements very difficult. Therefore, it is very crucial to further optimize the 
patterning condition for the metal contacts. 
 
FIG. 8.4. TEM images of patterned Pt/BTO/Nb:STO sample: (a) overall view of the 
metal cap, (b) closer view where the BTO film starts degrading. 
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